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A B S T R A C T
IMPACTS OF PALUSTRINE WETLANDS ON SURFACE WATER QUALITY 
IN THE LAMPREY RIVER WATERSHED, NH 
by
Shelby Flint 
University o f New Hampshire, May, 2007
Surface water chemistry was measured monthly at ten wetlands in New Hampshire from 
January, 2005 through October, 2006. An additional wetland was sampled intensively and only 
during summer-autumn, 2005, and summer, 2006. Nitrate, ammonium, dissolved organic 
nitrogen, total dissolved nitrogen, nitrous oxide, and dissolved organic carbon concentrations in 
surface waters immediately up- and downstream of the wetlands were compared and changes in 
concentration were modeled. Nitrate, total nitrogen, organic nitrogen, and organic carbon 
concentrations differed significantly between upstream and downstream sampling stations. 
Ammonium and nitrous oxide did not show strong differences between upstream and downstream 
during much o f the sampling period. However, in late summer o f 2006, nitrous oxide 
concentrations increased by three orders o f magnitude. The models indicate that inflowing solute 
concentrations, season o f year, and dissolved oxygen concentrations significantly affect changes 
in some solutes. Wetlands play a critical role in maintaining surface water quality in this 
watershed.
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CHAPTER 1
INTRODUCTION
Nitrogen Inputs and Impacts
Human activities continue to load reactive nitrogen (N) into ecosystems (Galloway et al., 
1996). In many parts o f the world, atmospheric N enrichment is increasing (McDowell et al., 
2004; Vitousek et al., 1997), particularly as the use o f internal combustion engines expands 
(Galloway et al., 1995). Terrestrial N  inputs are also increasing -  as food imports, outputs from 
waste-water treatment plants or unsewered residential areas, and as land application o f biosolids 
and fertilizers (Driscoll et al., 2003). It is estimated that the amount o f anthropogenic reactive N 
in the biosphere has doubled, due to fertilizer production, fossil fuel combustion, and legume 
cultivation, combined with the mobilization o f stored, fixed N through changes in land use 
(Vitousek et al., 1997; Galloway et al., 1996).
If  N  deposition exceeds N demand, ecosystems can become N-saturated (McDowell et 
al., 2004; Aber et al., 1998). I fN  deposition continues, another nutrient will become limiting. The 
affected ecosystem will be unable to retain the excess N, most o f which will probably be lost as 
nitrate (NO 3 ') (Howarth et al., 1996). This highly soluble ion is readily mobile in soil solutions 
and can be exported via surface and ground waters (Peterson et al., 2001). Nitrate is often subject 
to further processing in streams (Bernhardt et al., 2005), in the vadose zone (Holden and Fierer, 
2005; Dick et al., 2000), in shallow groundwater (Groffman et al., 1996), and in riparian 
interfaces between surface and subsurface waters (Hill and Cardaci, 2004; Schipper et al., 1994; 
Triska et al., 1993). Despite these processes, NO 3 ' exports from rivers in the United States have 
increased substantially over the past 25-50 years (Mitsch et al., 2001; Smith et al., 1987).
Nitrate in drinking water can be harmful to human health when concentrations exceed
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certain thresholds. Methemoglobinemia is a condition that can be caused by the oxidation o f NCV 
in the mammalian gut. Hemoglobin transforms into methemoglobin (Fewtrell, 2004) and affected 
red blood cells cannot deliver oxygen effectively (Avery, 1999). Human infants are at higher risk 
for methemoglobinemia than adults (Rnobeloch et al., 2000). In extreme cases, cyanosis, coma, 
and death can result. Other health risks associated with excessive N O 3' ingestion include gastric 
cancer (Morales-Suarez-Varela et al., 1995; Rademacher et al., 1992; Xu et al., 1992), non- 
Hodgkins lymphoma (Ward et al., 1996), and spontaneous abortions (Centers for Disease 
Control, 1996).
Nitrate pollution is strongly linked with impacts on the natural environment. Soil 
solutions can become acidified, mobilizing aluminum and increasing the loss o f base cations from 
the soil solution. Streams fed by affected shallow subsurface flow also become acidified and have 
reduced buffering capacity (Aber et al., 1998). Estuaries and coastal marine ecosystems are 
generally N-limited (Paerl, 1997). These systems receive freshwater streams and the pollutants 
they carry. Increased N loading in coastal systems has resulted in benthic anoxia (Rabalais et al.,
2002), drastic shifts in benthic communities (Valiela et al., 1997), and the growth o f harmful 
algal blooms (Carmichael, 2001).
Denitrification is the reduction o f NCVto atmospheric N 2 . It removes reactive N from 
terrestrial and aquatic systems, reducing by an estimated 40% the load o f inorganic N that would 
otherwise be exported to the oceans (Seitzinger, 1988). Denitrification requires available N 0 3', a 
source o f labile carbon (C), and both anaerobic and aerobic conditions (Dhondt et al., 2004). 
Wetlands generally provide all o f  these requirements, as well as ammonium (NH4+) and organic 
N, which can contribute to the N O 3' pool. Researchers have found that denitrification is favored 
in these ecosystems {e.g., Mitsch et al., 2001; DeBusk, 1999; Hedin et al., 1998; Pinay et al., 
1993; Morris, 1991). Denitrification can be a significant path of N  loss for those wetlands 
receiving the majority o f their N inputs as N O 3' (Jansson et al., 1994).
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However, under suboptimal conditions, denitrification produces nitrous oxide (N2 0 )  
rather than N 2  (Van Cleemput, 1998). This highly water-soluble trace gas can contribute to 
climate change (Dhondt et al., 2004). There is debate over the extent to which wetlands are 
implicated in the production o f N 2 0 .  Some studies indicate that many wetlands produce 
considerable amounts o f greenhouse gases (e.g., Freeman et a l , 1993). Others, however, have 
found that reductions in N 0 3' due to denitrification were not accompanied by a significant 
increase in N20  emissions (Dhondt et al., 2004).
Factors Affecting N Transformations in Wetlands
In addition to denitrification, wetlands transform N in other ways that impact downstream 
water quality. Wetlands can transform inorganic N  species to organic forms, rather than either 
retaining N as biomass, or losing it to denitrification (Howarth et al., 1996). Such conversions 
alter the composition o f nutrients available to organisms downstream. They also change water 
chemistry in ways that affect the treatment o f water for human consumption. A number o f factors 
influence these transformations and the rates at which they occur. These factors include season, 
soil saturation, water-sediment contact time, soil hydraulic conductivity, vegetation type and litter 
quality, pH, human population density, and proportion o f wetland area.
Season
Season and associated variables such as precipitation and soil and water temperatures 
influence denitrification. Findings vary, however. A study in Rhode Island found that 
denitrification often peaks in spring and fall when soil moisture content is high and N 0 3' uptake 
by plants is minimal (Hanson et al., 1994). Another Rhode Island study found higher 
denitrification rates in summer than in winter in forested riparian wetlands (Groffman et al.,
1996). This supports research indicating that low temperatures reduce the microbial activity that 
mediates denitrification (Atlas and Bartha, 1987). Other field and laboratory experiments suggest
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that declines in water-table elevation - which are associated with increased temperatures - are a 
major driver o f denitrification rates (Jacinthe et al., 2000; Dowrick et al., 1999; Freeman et al., 
1993b). By contrast, Paludan and Blicher-Mathiesen (1996) did not find a seasonal trend in N20  
emissions during a NO 3 ' enrichment study.
Seasonal trends affect N speciation as well as denitrification. One long-term study of a 
forested New England watershed indicates that the highest NO3' concentrations in streams occur 
in April, and the lowest in the summer (Bernhardt et al., 2005). Another study found that streams 
in the northeastern United States showed the highest NO3' fluxes in winter and spring, whereas 
the lowest and most variable NO3' fluxes occurred during summer and autumn. In addition, 
increases in discharge, triggered by precipitation events, were associated with linear increases in 
NO3' fluxes (Alexander et al., 1996). A study at a German bog found that during an unusually 
hot, dry summer, NH4+ concentrations in peat pore water were significantly lower than those 
observed during other seasons and years. Concentrations of NO3', total dissolved nitrogen 
(TDN), dissolved organic nitrogen (DON), and dissolved organic carbon (DOC) all increased, 
however. The researchers attributed this to the decline in water table elevation caused by heat and 
lack of precipitation (Glatzel et al., 2006). Another study found that elevated water and sediment 
temperatures favored increased nitrification (Jones et al., 1995). Increases in temperature reduce 
dissolved oxygen (DO) concentrations, which in turn influence N transformations. While reduced 
oxygen levels are required for denitrification, they can also result in higher NH4+ concentrations 
because nitrification is inhibited (Chestnut and McDowell, 2000).
Soil Moisture Content
Water table elevation is related to soil saturation, another factor that influences N 
transformations in wetlands. The moisture content in wetland soils can change drastically over 
small spatial scales, which allows for aerobic and anaerobic microsites to exist in close proximity 
(Smith, 1990). This facilitates coupled conversions among inorganic N  species, and o f organic N
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to inorganic N. NH4+ can be nitrified in aerobic microsites in the sediments, and then denitrified 
as the N 0 3' diffuses through anaerobic sediments (Jansson et al., 1994). A study o f wet meadows 
in Sweden found that artificial flooding increased losses o f N  to denitrification. However, the 
reduction in NO 3 '  was offset by the decomposition o f soil organic matter and a resulting increase 
in the DON load (Leonardson et al., 1994). Similar results were found when studying the 
concentrations o f N-species in soil solutions obtained from wetland soil cores subjected to 
different saturation regimes (Davidsson et al., 1997).
The extent and duration o f soil saturation affect denitrification rates and the fractionation 
o f denitrification products. Decreased soil saturation was linked with increased N 2 O emission in 
experiments that manipulated the water content o f wetland soil cores (Jacinthe et al., 2000). 
Denitrification potential has been associated with saturated, rather than unsaturated soils, when 
assessed either as denitrification enzyme activity (Duncan and Groffman, 1994), or by acetylene- 
block (Hayakawa et al., 2006). Davidson and Swank (1986) found that soil moisture content and 
oxidation-reduction potential explained 71% o f the variation in N20  production.
Other researchers found that anaerobic conditions were associated with increases in N20  
emissions, but only over the short term (Bemtson and Aber, 2000; Jacinthe et al., 2000, W olf and 
Russo, 2000). These researchers concluded that extended periods o f soil saturation optimized 
reductions in NO 3 ' concentrations while minimizing the N20  fraction o f the denitrification 
product.
Contact Time
The duration and extent o f contact between sediments and the water column influences 
rates o f denitrification and other N transformations. One study found that shorter hydrologic 
residence times, which reduced the duration o f contact between water and sediments, decreased 
the efficiency with which N 0 3‘ was removed from the water column. Increased residence time,
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however, was associated with the retention o f a larger percent o f input N because it allowed 
particulate organic materials to settle out o f the water column (Jansson et al., 1994).
A N 0 3' -addition study attributed the short uptake length and rapid uptake rate observed 
in a forested first-order stream to factors that increased contact time between the water column 
and the sediment. These included low discharge, slow velocity, and a shallow stream (Mulholland 
et al., 2004). A study o f headwater streams from biomes across North America found that small 
streams took up and nitrified NH4+ more rapidly than larger streams did. They found that 
nitrification rates were high and N 0 3' transport distances were five to ten times longer than NH4+ 
transport distances (Peterson et al., 2001). Taken together, these findings suggest that headwater 
streams can produce N 0 3' in situ, and carry it to wetlands within the transport distance. 
Denitrification is then enhanced by extended contact between sediments and the water column.
Hydraulic Conductivity
The hydraulic conductivity o f soils and sediments affects how rapidly interstitial spaces 
will become saturated and how quickly they will drain. This partially controls water table 
elevation as well as the location and proximity o f oxic and anoxic microsites within wetland soils 
(Seitzinger, 1990). Coupled nitrification-denitrification is affected by the rates at which NH4+ 
diffuses into aerobic microsites, N 0 3‘ diffuses into anaerobic microsites, and N20  and N 2  diffuse 
out o f the water column (Herbert and Nedwell, 1990). Hydraulic conductivity thus influences 
denitrification rates.
Hydraulic conductivity affects other N transformations. Chestnut and McDowell (2000) 
found higher concentrations o f NH4+ and DOC in the subsurface flow o f a riparian zone which 
was associated with lower hydraulic conductivity in riparian and hyporheic sediments. In tidal 
marshes, hydraulic conductivity partly controls the rates at which water, and the nutrients and 
oxygen it carries, percolates into subsurface layers (Davidsson et al., 1997). In peat- 
accumulating wetlands, a fibric layer (the acrotelm) often forms atop a sapric layer (the catotelm).
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The catotelm generally has lower hydraulic conductivity, which reduces vertical water flow 
between them (Clymo et al., 1995). When comparing interannual dissolved N and DOC 
concentrations measured in peat pore water, one study found larger differences in N-species and 
DOC concentrations in the acrotelm than in the catotelm (Glatzel et al., 2006).
Vegetation
Vegetation in wetlands affects denitrification and other N transformations in a variety of 
ways. Some macrophytes adapted to waterlogged conditions have specialized tissues 
(aerenchyma) that transport oxygen to their roots (Mitsch and Gosselink, 2000). Through this 
mechanism, oxygen can diffuse into the sediment, enhancing nitrification (Seitzinger, 1990). This 
provides an additional source o f N 0 3' that can be denitrified in neighboring anoxic zones.
Vegetation releases organic C that affects processes within the wetland, as well as having 
impacts downstream. DOC in general is produced by root exudates, by the leaching and 
decomposition o f litter, and by the decomposition o f dead roots and organic matter in sediments 
(McDowell et al., 2004). The organic C is provided to denitrifying bacteria (Weisner et al., 1994) 
and significant amounts o f DOC are exported to downstream systems (Schiff et al., 1998). The 
functioning o f those systems is thus impacted by both C transformations in wetlands and by C 
export from wetlands (Wetzel, 1992).
In addition, downstream DOC concentrations are o f concern if  the stream is a drinking 
water source. When chlorine is added during the treatment process, it interacts with DOC to form 
trihalomethanes (THMs), which are carcinogenic (Siddiqui et al., 1997). It is not clear what 
concentration o f DOC is required for THM production to occur. However, a study o f the 
Sacramento delta in California found that organic C concentrations ranging from 9 to 44.5 mg 
C/L were problematic (Chow et al., 2006).
Wetland vegetation takes up inorganic N and later releases it in dissolved and particulate 
organic forms which can then be remineralized. Nitrogen transformations affect the form and
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timing o fN  releases to downstream systems (Jansson et al., 1994). In addition, if  vegetation 
produces litter with a sufficiently low C:N ratio, microbial decomposition is not N-limited. The 
extra N is mineralized to NH4+, which is then potentially available for nitrification (Jones et al., 
1995) and coupled denitrification. By contrast, Silvan and others (2005) found that a certain 
sedge species (Eriophorum vaginatum) effectively competes with denitrifying bacteria for NO 3 '. 
This species may thus impact denitrification rates by reducing NO 3 ' availability during the 
growing season.
pH
During denitrification, lowered pH favors the formation o f N20  over that o f N 2  
(Mulholland et al., 2004; Holtran-Hartwig et al., 2000; Atlas and Bartha, 1987.) It also influences 
denitrification by impacting N 0 3' availability. Laursen and Seitzinger (2004) observed an 80% 
drop in nitrification rates when pH declined from 8.5 to 6.0. Conversely, increasing pH favors the 
oxidation o f NH4+ to N O 3' (Richey et al., 1985). Changes in pH can also lessen the amount o f 
NH4+ that is available for conversion to nitrate. When photosynthesis removes C 0 2 from the 
water column, bicarbonate concentrations are lowered, which increases pH. Ammonium in 
solution binds with the newly released hydroxyl ions, forming volatile N H 3, which is generally 
emitted from the ecosystem in gaseous form (Brady and Weil, 2000).
Population Density and Proportion o f Wetland Area
There do not appear to be clear links between human population density and 
denitrification rates. However, population density is strongly and positively correlated with 
surface water N 0 3' concentrations in the Lamprey River watershed o f southern New Hampshire 
(O’Donnell, 2004; Daley, 2002).
The proportion o f wetland area in a watershed has been linked to dissolved N and C 
concentrations. Proportion o f wetland area was found to be negatively correlated with mean
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concentrations o f NCV, NH4+, and DON by researchers comparing two catchments in Japan 
(Hayakawa et al., 2006). However, Howarth and others (1996) found that the efficiency o f N 
removal per unit area decreased as the proportion o f wetland area increased. The authors 
concluded that the greatest removal occurs in the first wetland that the N  encounters. In the 
Lamprey River watershed, the proportion o f wetland area in sub-watersheds was strongly and 
positively correlated with surface water DOC concentrations (Daley, 2002).
Nitrogen Dynamics in the Lamprey River Watershed
Previous work in the Lamprey River watershed has found that mean NO 3 ' concentrations 
in groundwater in the basin are approximately 0.76 mg/L (Buyofsky, 2006). Mean surface water 
concentrations, however, are only about 0.11 mg/L. This trend is seen in other parts o f the North 
Atlantic Basin. Howarth and others (1996) found a large difference between the amount o f N 
being added to, and the amount o f N exported from, the North Atlantic watershed in North 
America. H alf o f that difference was unaccounted for and was thought to be either stored in the 
watershed or denitrified. Another study concluded that only 20 to 30 percent o f the anthropogenic 
N added to terrestrial ecosystems is exported to marine systems. Therefore, there must be 
significant N  retention, N  transformation, or both, along the flowpaths (Boyer et al., 2002).
Total N  exports from the Lamprey River watershed are overpredicted by several large- 
scale models o f N cycling. For example, estimates o f N exports generated by SPARROW 
(Spatially Referenced Regression on Watershed Attributes) are 200% o f observed exports (Daley, 
2004). This, combined with the observed differences between groundwater and surface water 
N O 3' concentrations, suggests that some N losses may be occurring within the 14% o f the 
watershed’s area that is occupied by wetlands.
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Project Goal, Objectives and Hypotheses
The goal o f this project was to examine the impacts that passage through wetlands had on 
surface water quality in the Lamprey River watershed. M y objectives were 1) to compare water 
chemistry upstream and downstream o f wetlands, 2 ) to model changes in concentrations o f 
dissolved N species and DOC at those wetlands, and 3) to examine water chemistry at one 
wetland in detail.
I expected to find that water chemistry upstream of wetlands differed from downstream 
water chemistry. My null hypotheses included: 1) that N and C concentrations were not predictive 
o f each other; 2) that season did not predict changes in N or DOC concentrations; and 3) that 
changes in N and DOC concentrations were not predicted by the landscape-scale characteristics 
o f dominant vegetation type, human population density, or proportion o f wetland area.
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The Lamprey River watershed covers approximately 479 km 2  in southeastern New 
Hampshire, USA (Figure 1). Located primarily in Strafford and Rockingham counties, it 
encompasses all or parts o f twelve towns. The primary land use type in the watershed is forest 
(6 8 %), followed by wetlands (14%), open areas (8 %), urban (7%), and agriculture (3%). Between 
1963 and 2005, mean annual minimum and maximum temperatures in the watershed were -5 °C 
and 21°C, respectively. During the same time period, mean annual average precipitation was 122 
cm (National Climatic Data Center, 2006). In 2000, the average population density in the 
watershed was 53 people km ' 2  (O ’Donnell, 2004).
For my study sites, I selected eleven headwater palustrine wetlands located entirely 
within the Lamprey River watershed. Ten o f these wetlands lay within areas having minimum 
population densities o f 50 persons km '2. Because I was examining changes in water chemistry 
across wetlands, the number o f streams flowing in and out o f the wetland was also a concern. All 
o f these ten study wetlands have only one outflow. However, it was not possible to find an 
adequate number o f sites that had only one inflowing stream. Four sites contained two or more 
inflows (Table 1). The eleventh site, Sallie’s Fen, is a National Science Foundation LTREB site 
(Long-term Research in Environmental Biology), NSF grant number DEB-0316326. It was 
established by Patrick Crill (University o f Stockholm) and maintained by Ruth Varner 
(University o f New Hampshire). It is an oligotrophic fen in a thinly-populated area. It has an 
ephemeral inflowing stream and an intermittent outflowing stream. It was studied more
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Figure 1: Location o f the Lamprey River watershed within New Hampshire and locations o f study wetlands within the watershed.
intensively, and sampled on a different schedule, than were the ten study wetlands. I used data 
from the New Hampshire Geographically Referenced Analysis and Information Transfer System 
(NH GRANIT), analyzed in ArcView 3.3 to identify the study sites and determine the following 
for each: wetland area, watershed area, proportion o f total wetland cover, average population 
density, and dominant vegetation type (Table 1 ).
Table 1: Characteristics o f the ten study wetlands and Sallie’s Fen. Dominant vegetation types were 
assigned by the National Wetland Inventory, using the Cowardin classification system (Cowardin et al., 
1979). SS is scrub/shrub, EM is emergent, and FO is forested. Nor 1 is classified as “unconsolidated 
bottom”. However, emergent vegetation covers much o f the wetland (pers. obs.).
Wetland
Name
























Can 1 Candia 0.5 168.9 0 . 0 1 79 SS/EM 1
Can 3 Candia 9.5 349.0 0.06 46 FO 1
Epp 1 Epping 16.1 92.7 0 . 2 0 180 FO 1
Epp 2 Epping 4.3 152.5 0 . 1 0 77 EM 3
Epp 3 Epping 16.2 157.6 0.13 47 FO 1
Epp 4 Epping 2 . 6 263.6 0 . 1 1 98 FO 2
Nor 1 Northwood 6.4 308.7 0.08 46 UB/EM 1
Nor 2 Northwood 9.4 525.5 0.04 81 FO 2
Ray 1 Raymond 14.7 126.7 0.13 1 2 . 8 EM 1
Ray 3 Raymond 12.5 168.3 0 . 1 1 165 FO 2
Sallie’s
Fen
Barrington 1.4 18.0 0.13 26 SS/EM 1
Site Descriptions
Dominant species at most o f the ten study wetlands include red maple (Acer rubrum), 
hemlock (Tsuga canadensis), American beech (Fagus grandifolia), river birch {Betula nigra), 
yellow birch (Betula alleghaniensis), broad-leaved cattail (Typha latifolia), sensitive fern 
(Onoclea sensibilis), and jewelweed (Impatiens capensis). At Sallie’s Fen, the dominant 
vegetation is primarily Sphagnum species, speckled alder (Alnus incana), leatherleaf 
(Chamaedaphne calyculata), and beaked sedge (Carex rostrata). Highbush blueberry ( Vaccinium 
corybosum), small cranberry ( Vaccinium oxycoccus), and black spruce (Picea mariana) also grow 
in isolated patches.
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I observed beavers building dams and obstructing the outflow o f two wetlands (Epp 4 and 
Ray 3). Beavers were present at Can 1, but no lodges or dams were evident. An old beaver dam 
was present at Nor 1, but I did not see any evidence o f current beaver activity. During the study 
period, a road crossing was installed across one study area (Epp 3), providing access to an 
additional sampling point. Many o f the inflowing streams were dry for part or all o f the summers 
o f 2005 and 2006. The inflowing stream at Sallie’s Fen was generally dry except during early 
spring and after heavy precipitation events. When possible, I sampled from the streams at Sallie’s 
Fen and added those observations to the data from the ten study wetlands.
Sallie’s Fen contained instrumentation that allowed me to sample multiple sites across the 
fen and along a depth profile into the peat (Figure 2). These instruments included pore-water 
collars and surface water wells. The collars are PVC pipes that contain sections o f tygon tubing 
packed in polystyrene insulation. The tubes range from 10 to 70 cm in length, in 10-cm intervals.






0 60 120 Meters
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At corresponding depths, the PVC casing has horizontal slits that allow peat pore water to contact 
the lower ends o f the tubes. The polystyrene packing prevents water from traveling vertically 
within the collar. The upper end o f each tube is capped with a stopcock to prevent contamination 
or exchange between the atmosphere and the peat. The surface water wells are capped PVC pipes 
with horizontal slits that allow free lateral movement o f water into the well from the surface of 
the fen. A tipping-bucket rain gauge and pressure transducer automatically record precipitation 
and depth to water table on an hourly basis.
Sample and Data Collection
I collected data and water samples at the ten study wetlands from January, 2005 through 
September, 2006 on an approximately monthly basis. Hunting season, floods, and severe 
snowstorms occasionally limited my access and lengthened or shortened the interval between 
sampling dates. I did not sample when inflowing streams were dry, which primarily occurred 
during summer, 2005. At each wetland, a sampling point was established where streams entered 
or exited the wetland. Several study sites consisted o f a string o f smaller wetlands (Can 1, Epp 3, 
Epp 4, and Ray 3). At those sites, I also sampled at points within the wetland complex where the 
surface flows were constricted, or where a trail crossing or other structure allowed access. Sallie’s 
Fen was sampled six times during the summer and autumn o f 2005 and biweekly during the 
summer o f 2006 (June-August).
I used a syringe-filter unit with a 0.7 jam Whatman glass-fiber filter to collect stream 
water samples. The syringe, filter, and receiving sample bottles were acid-washed and triple field- 
rinsed. These water samples were later analyzed for N 0 3', NH4+, total dissolved nitrogen (TDN), 
and DOC, measured as non-purgeable organic carbon. Separate water samples were analyzed for 
N 2 0 . Those samples were not filtered, and were taken so as to minimize the introduction of 
headspace. Dissolved oxygen concentration, pH, specific conductance, and water temperature
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were also measured at each sampling point, using a YSI 556 multiprobe, or YSI 55 and Y S I63 
field meters.
Discharge was measured at each sampling point once in late summer o f 2006, using the 
velocity-area method o f stream-gaging (Dingman, 2002). I made the discharge measurements 
under conditions likely to represent lowest base-flow: no precipitation for at least 5 days prior to 
measurement, minimal cloud cover, and full vegetation canopy. Stream velocity was found using 
a Marsh-McBimey flow meter. Many o f these streams were very narrow, prohibiting me from 
using the 25 or more verticals recommended by Dingman (2002). Instead, I set verticals at 5-cm 
intervals. Stream cross-sectional area and discharge were calculated using the mid-section method 
(Dingman, 2002) (Table 2).
Sam ple Analysis
The filtered water samples were frozen until they were analyzed in the Ecosystem 
Analysis Lab at the University o f New Hampshire. NH4+ and NO 3 " analyses were performed with
Table 2: Discharge data for the ten study wetlands and Sallie’s Fen, observed in August, 2006. 
Streams in which water was present but not flowing are indicated by “0”. Bolded type indicates 








discharge (m 3 /s)
Net discharge 
(m3 /s)
Can 1 0.028 0.028 0.040 0 . 0 1 2
Can 3 0.0032 0.0032 0.0085 0.0053
Epp 1 Dry 0 0 —
Epp 2 A Dry
B 0.00050 0.00050 0.00040 -0 . 0 0 0 1 0
C Dry
Epp 3 0 — 0 —
Epp 4 B 0 0 . 0 0 2 2 0.0053 0.0031
C 0 . 0 0 2 2
Nor 1 0.0042 0.0042 0.0019 -0.0023
Nor 2 A 0.0053 0.0057 0.16 0.15
B 0.00038
Ray 1 0.00041 0.00041 0.0035 0.0031
Ray 3 B 0.00028 0.00033 0.0023 0 . 0 0 2 0
C 0.000050
Sallie’s Dry — 0 —
Fen
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a WestCo Scientific Smart-Chem discrete colorimetric analyzer, using U.S. EPA methods 350.1 
and 353.3, respectively (U.S. Environmental Protection Agency, 1983). I analyzed samples for 
DOC using high temperature catalytic oxidation (HTCO). The same technique, combined with 
chemiluminescent detection, was used to perform TDN analysis. Dissolved organic nitrogen 
concentration was calculated as the difference between TDN concentration and the sum o f NILj+ 
and NO 3 ' concentrations. Nitrite is included in the NO 3 ' concentrations. Results that fell below the 
method detection limit were assigned values o f one-half o f that limit. The method detection limit 
is defined as the lowest concentration that produces a signal having a 99% likelihood o f differing 
from the blank (J. Merriam, manager, Ecosystem Analysis Laboratory, University o f New 
Hampshire, pers. comm).
I followed two different protocols for N20  analysis. For both, the samples were 
ultimately injected into evacuated glass autosampler vials fitted with butyl septa, which are 
attached to the vials with crimped aluminum collars. In the first protocol, I injected 30 mL o f 
water sample directly into the vials. These were refrigerated until they were analyzed. During 
analysis, these samples were placed within an autosampler and agitated for 5 minutes to 
equilibrate the headspace. Results from this procedure showed an undesirable amount o f drift in 
replicate sample concentrations during the course o f a run. Therefore, beginning with samples 
collected in January, 2006 ,1 adopted a protocol modified from 15N tracer studies (Mulholland et 
ah, 2004). My method differed in two respects. First, I passed the equilibrated headspace through 
a tube filled with dessicant (anhydrous calcium sulfate) before injecting it into the glass vials. 
Second, I did not attempt to keep the syringes fully submerged in a water bath either after 
sampling or while transferring the headspace, because contamination o f samples by air should not 
significantly alter the results (Mulholland et al., 2004). I overpressurized the vials and sealed 
them with a thin film o f silicon grease to avoid leakage or contamination. These samples did not 
require refrigeration and could be analyzed as much as several weeks after collection (LINX II,
2003).
- 17-
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Nitrous oxide analysis was performed using a Hewlett-Packard 5890 series II gas 
chromatograph (GC) equipped with an electron capture detector and a Tekmar headspace 
autosampler. The carrier gas was N 2 , the analysis pressure was 300 kPa, and the column, detector, 
and injector temperatures were 70° C, 100° C, and 320° C respectively. The results appear as a 
chromatogram on which the gas mixing ratios are shown as peaks. The lower bounds o f the peaks 
were indicated by the GC software but could be refined by the user if  necessary. The software 
calculates the peak areas, which are then used to define a calibration curve (Scientific Software, 
Inc., 1999). Samples handled using the first protocol were analyzed within 72 hours o f collection. 
Samples handled using the second protocol were analyzed in random order, between 24 hours and 
three weeks after collection.
Nitrous Oxide Solubility Calculations
The GC results gave N20  headspace mixing ratios as parts per million by volume 
(ppmv), at equilibrium. However, I needed to recalculate these data to find the concentration of 
N20  in the field, allowing for the solubility o f N 2 0 ,  and conditions under which equilibrium was 
attained. I used the Bunsen solubility coefficient, as described by Mulholland and others (2004) 
and according to calculations used by the LIN X II project (S.K. Hamilton, Professor, Michigan 






C* = G / V2  
G = (C ,*  V ,)+ (C 2* V2)
Ci = M R /  (0.0821 *273.15)
C 2  = M R *  B P *  B sc* 1 /(0.0821 *273.15)
Bsc = 2.7182818 A {-165.8806+ [222.8743 * (100/T)] + [92.0792 * ln(T/100)] + 
[-1.48425 * (T/100)A2 ] }* 0.0821* 273.15
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C* is the original concentration o f dissolved N20  in the water sample (pmol/L). G is the total 
dissolved gas present in the water sample (pmol). Ci and C2 are the final headspace mixing ratio 
and liquid concentration, respectively, o f N20  (pmol/L). Vi and V2 are the respective volumes (L) 
o f the headspace and liquid in the syringe during equilibration. MR is the measured mixing ratio 
o f N20  (ppmv). BP is field barometric pressure (atm). The term “ 1/(0.0821 *273.15)” converts a 
mixing ratio in ppmv to a concentration in /xmol/L. Bsc is the Bunsen solubility coefficient for 
headspace equilibration in a vessel (L/L-atm). T is the headspace equilibration temperature (K).
Statistical Analysis
I used linear mixed-effects (LME) modeling in SPSS to address the question o f whether 
water chemistry differed upstream and downstream of the study wetlands. I also used LME 
models to test my hypotheses. The data from the ten study wetlands and from Sallie’s Fen 
represented repeated measures and therefore violated assumptions o f independence. They were 
not normally distributed, even after transformation, and violated the assumption o f sphericity, as 
indicated by M auchly’s test (Landau and Everitt, 2004). Several statistical techniques would have 
been appropriate. These included LME models, some general linear models (GLMs), and split- 
plot ANOVAs, also called mixed between-within subjects ANOVAs (Pallant, 2005; Tabachnik 
and Fiddell, 2001). However, there were also values missing from my dataset, because many of 
the streams were dry in the summer. GLMs and split-plot ANOVAs will exclude from analysis 
subjects for which any data are missing. By contrast, LME models will use all the data that are 
available (Chan, 2004; Landau and Everitt, 2004). This type o f analysis was thus the most 
appropriate, given the characteristics o f  the dataset. LME models are a relatively new technique. 
Although their use is becoming more frequent in social, behavioral, and health research (Luke,
2004), they are seldom used by natural resource scientists.
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Linear mixed-effects models incorporate both fixed and random effects. Fixed effects 
influence the population mean. Random effects impact only an individual subject (SPSS, 2005). 
Fixed effects are generally the variables o f interest. Random effects can be considered 
unobserved characteristics o f individual subjects that predispose them to a particular response 
(Landau and Everitt, 2004). This unobserved natural within-subjects heterogeneity is partitioned 
into a term in the model (Kincaid, 2005). Partitioning increases the model’s ability to detect 
between-subjects effects. The effect o f the random term is generally not o f  interest. However, the 
existence o f  this unobserved heterogeneity generally causes correlations among observations 
made on the same subject. These correlations are often greater for observations made more 
closely in time than for those made further apart in time, which is why the data often fail 
Mauchly’s test for sphericity. The data thus have a covariance structure which must be accounted 
for by the LME model (SPSS, 2005).
I used one o f the simpler types o f LME, the random intercept model. The general form 
for a subject’s response is:
Eq. 6 : yi = Po + Pi(Ai) + u{ + £;
where y-t is the dependent variable and Ai is the fixed effect. Pi is the regression coefficient for 
that effect and indicates its strength. The regression coefficients in a model can be directly 
compared if  the corresponding fixed effects have the same units. The random effect is denoted by 
«i, and Si is the residual term. Both o f these terms are assumed to be normally distributed with a 
mean o f zero, to have variance a 2, and to be independent o f one another (Landau and Everitt, 
2004). I combined bottom-up and top-down approaches in building the models (Luke, 2004). In 
both cases, the covariates used in the initial iteration o f a model were those that the literature 
suggested would have some effect on the dependent variable in question (Table 3). Not all 
covariates were used to model every variable.
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Table 3, part 1: Predictor variables used to model changes in solute concentrations (delta models); standardized changes in solute concentrations 
(standardized delta models); and measured solute concentrations. Delta and standardized delta models use data from the ten study wetlands. Solute 
concentration models use data from Sallie’s Fen. The following predictor variables were measured at inflows (for delta and standardized delta 
models) or at pore-water collars and surface-water wells (for the solute concentration models): NO3 ', NH4+, DON, TDN, DOC, and N 2 0 . The 





Delta, standardized delta models 
N H / DON TDN DOC n 2o NOT NHU+
Solute concentration models 
DON TDN DOC n 2o
NOT (pgN/L)
X X X X X X X X
NH4+ (pg N/L)
X X X X X X X X X
DON (pr N/L)
X X X X X X X X X
TDN ( pg N/L)
X
DOC ( pg C/L)
X X X X X X X X X X
N20  (pgN/L)
X
delta NO3' (pg N/L)
X X X X
delta NH4 + (pg N/L)
X X X X
delta DON (pg N/L)
X X X X
delta DOC (pg C/L)
X X X X X














Table 3, part 2: Predictor variables used to model changes in solute concentrations (delta models); standardized changes in solute concentrations 
(standardized delta models); and measured solute concentrations. Delta and standardized delta models use data from the ten study wetlands. Solute 
concentration models use data from Sallie’s Fen. The following predictor variables were measured at inflows (for delta and standardized delta 
models) or at pore-water collars and surface-water wells (for the solute concentration models): specific conductance, pH, water temperature, and 
DO. Precipitation was included both as the daily total and the monthly total.
Modeled Dependent Variables
Predictor
Variables n o 3'
Delta, standardized delta models 
N H / DON TDN DOC n 2o n o 3 NH,+
Solute concentration models 
DON TDN DOC n 2o
Spec. cond. (pS/cm) X X X X X X X X X X X X
pH (standard units) X X X X X X X X X X X X
Water temperature (deg C) X X X X X X X X X X X X
Dissolved oxygen (mg/L) X X X X X X X X X X X X
Dominant vegetation X X X X X X
Population density (km'2) X X X X X X
Proportion of wetland X X X X X X
Watershed area (ha) X X X X X X
Study wetland area (ha) X X X X X X
Proportion of study wetland 
area (ha) X X X X X X
Precipitation (mm) X X X X X X
Depth to water table (cm) X X X X X X
Sampling depth (cm) X X X X X X
Competing models were assessed according to whether their fixed effects were, or were 
not, nested. If  the competing models had nested fixed effects, I chose the model that included all 
the significant fixed effects, and only the significant fixed effects (A. Cooper, Professor, 
University o f New Hampshire, pers. comm.). I f  the fixed effects were not nested, I chose the 
model with the lower information criteria (IC) values. These are generated by the modeling 
software. They indicate how well a model fits the data, and penalize less parsimonious models. I 
used the Akaike’s Information Criteria (Bumham and Anderson, 2002).
I checked the model fit in two steps. First, I plotted predicted values against observed 
values. The more tightly that these points clustered around a 1:1 line, the better the fit was. R 2 
values are generally not used to assess the fit between observed and predicted values because the 
fixed and random levels o f the model each generate a different value o f R 2 (Luke, 2004). In the 
second step, residuals were plotted against predicted and against observed values to determine 
whether the residuals o f the fixed and the random terms, respectively, met the assumption of 
normal distribution. A strong linear pattern in the residuals-versus-predicted plot indicated a 
problematic violation o f normality. A similar pattern in the residuals-versus-observed plot 
indicated both a violation o f normality and that at least one important covariate was left out o f the 
model (Luke, 2004; Cooper, pers comm).
I modeled six solutes, each expressed three different ways. The modeled solutes were 
N 0 3\  NH4+, DON, TDN, N 2 0 ,  and DOC. Two o f these expressions - changes in solute 
concentrations and standardized changes in solute concentrations -  were based on data from the 
ten study wetlands. I referred to these as “delta” and “standardized delta” models, respectively. 
The delta concentrations were calculated as:
Eq. 7: Delta concentration = downstream concentration -  upstream concentration
A positive difference thus indicates that downstream concentrations exceed upstream 
concentrations. The standardized delta concentrations were calculated as:
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Eq. 8: Standardized delta concentration = delta concentration / SWA
where SWA is the area o f the study wetland (ha). Incorporating change into the dependent 
variable complicated interpretation o f the results. However, it also reduced the number o f 
predictor variables in the model. Models with smaller numbers o f predictor variables have more 
power (Luke, 2004) and are more generalizable (Kincaid, 2005), than are models with more 
predictor variables. The third expression was simply measured solute concentration, which I 
modeled using data from pore-water collars and surface-water wells at Sallie’s Fen. I referred to 
these as “the NO 3 ' model”, “the DON model,” etc.
The models treated variables case-wise, basing results on those cases that had valid data 
for all the covariates used in the model. All models retained the intercept both as a fixed effect, 
and as a random effect with a scaled identity covariance structure. All models also used the Type 
III test o f fixed effects. Some models contained fixed effects that were strongly correlated. In 
these cases, I applied a Type I test o f fixed effects to each o f the correlated covariates. I f  either 
was then determined to be non-significant, I removed it from the model. If  both were still 
significant, but either could be removed without decreasing model fit, I removed it. Generally, if  
the correlation o f  two terms was less than 0.85, both terms were retained
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CHAPTER 3
RESULTS
The chemistry o f surface waters is different upstream and downstream of wetlands. Some 
solute concentrations and some changes in concentration could be modeled with the predictor 
variables listed in Table 3. Several models fit the data well. Examination o f one wetland in detail 
showed that water quality varies with depth and at different points in the wetland. It appears that 
water table elevation may affect certain aspects o f water quality.
Differences U pstream  and Dow nstream  of W etlands
Solute Concentrations
Concentrations o f dissolved N species and DOC showed considerable variation. Mean 
downstream concentrations o f NO 3 ', NH4+, TDN, and N 2 O were lower than mean upstream 
concentrations (Table 4), although the differences between upstream and downstream NH4+ and 
N 2 O concentrations were small. By contrast, mean downstream concentrations o f DON and DOC 
were higher than mean upstream concentrations (Table 4). Several o f the minima or standard 
errors were below the method detection limits, which are 5 pg N/L for NO 3 ' and NH4+, and 0.07 
mg N/L for TDN. Dissolved organic nitrogen is found by difference; therefore, it is assigned the 
same limit as TDN (70 pg N/L). The detection limit for DOC is 0.1 mg C/L and that for N20  is 
0.2 pg N 2 0/L . The mean minima and maxima shown in Table 4 represent the lowest and highest 
values obtained for a given solute at each sampling station, averaged. They were calculated as 
follows:
Eq. 9 Mean minimum = L X / n
Eq. 10: Mean maximum = E Y /n
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where X and Y are respectively the lowest and highest concentrations o f a given solute obtained 
from each sampling station, and n is the number o f sampling stations (15 for upstream and 1 0  for 
downstream).
Table 4: Concentrations o f solutes in streams sampled up- and downstream of ten study wetlands 
in the Lamprey River watershed. Mean minima and maxima are, respectively, the lowest and 
highest values obtained for a given solute at each sampling station, averaged. All means are 
calculated using data from 15 upstream and 1 0  downstream sampling stations, sampled monthly 
for 20 months. Intervals are ±1 standard error. Bolded values are at or below the detection limit.









NO3 ' 280 ± 25 362 ± 38 92 ± 29 693 ± 148 ± 16 23 ± 15 396 ± 96
(pg N/L)
n h 4+ 43 ± 5 49 ± 8 5 ± 1
2 2 2  
169 ±63 34 ± 5 3 ± 2 140 ±49
(pg N/L) 
DON 215 ± 11 188 ±14 35 ± 8 513 ± 259 ± 15 44 ±10 561 ±60
(pg N/L) 1 0 2
TDN 539 ±31 600 ± 48 215 ± 1098 ± 440 ± 19 2 0 0  ± 767 ± 70
(pg N/L) 38 285 34
N20 125 ±21 129 ±28 0.34 ± 1194 d= 120 ±32 0 . 2  ± 1062 ±
(pg N2 0/L) 0 . 1 131 0 . 1 157
DOC 5.02 ± 3.97 ± 2.008 ± 7.57 ± 6.69 ± 2.70 ± 13.08 ±
(mg C/L) 0 . 2 1 2 0.181 0.258 0.867 0.433 0.386 2.17
Solute concentrations differed between upstream and downstream sampling stations, and 
over time. Throughout the sampling period, NO 3’ concentrations were generally higher and more 
variable upstream than they were downstream (Figure 3a). Dissolved organic nitrogen 
concentrations differed primarily during the summer, when downstream concentrations exceeded 
upstream concentrations by approximately 200 pg/L (Figure 3b). Ammonium concentrations 
were low both up- and downstream o f the study wetlands on nearly all sampling dates (Figure
4a). Total dissolved nitrogen concentrations were generally higher and more variable upstream 
than downstream (Figure 4b). At the upstream stations, T D N  was generally dominated by N O 3'. 
Downstream, T D N  was dominated by NO3" and D O N  at different times o f year. Nitrate was the 
largest component during the winter and early spring. Dissolved organic nitrogen was the 
dominant fraction during the growing season. Dissolved organic carbon concentrations were
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Figure 3: Mean concentrations o f (a) N 0 3‘ and (b) DON upstream and downstream o f ten 
study wetlands. Means are calculated from 15 upstream and 10 downstream sampling 
stations. Data are not available from May or December, 2005. Error bars are ± 1 SE.
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Sampling month and year
Figure 4: Mean concentrations o f (a) NH4+ and (b) TDN upstream and downstream o f ten 
study wetlands. Means are calculated from 15 upstream and 10 downstream sampling stations. 
Data are not available from May or December, 2005. Error bars are ± 1 SE.
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consistently higher downstream than they were upstream. Both down- and upstream DOC 
concentrations were higher in summer than in winter (Figure 5). Upstream N20  concentrations 
were slightly higher than downstream concentrations on nearly all sampling dates. Nitrous oxide 
levels were consistently low at all sites, except for July through September, 2006. Concentrations 
on those dates were two to three orders o f magnitude higher than those observed on other dates 
(Figure 6 ).
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Sampling month and year
Figure 5: Mean concentrations o f DOC upstream and downstream o f ten study wetlands. 
Means are calculated from 15 upstream and 10 downstream sampling stations. Data are not 
available from May or December, 2005. Error bars are ± 1 SE.
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Figure 6 : Mean concentrations o f N20  upstream and downstream o f ten study 
wetlands. Note break in y-axis. Means are calculated from 15 upstream and 10 
downstream sampling stations. Data are not available from May or December, 2005. 
Error bars are ± 1 SE.
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Other measured parameters
The other parameters measured at the study wetlands also showed differences between 
upstream and downstream sampling stations. With the exception o f August, 2005, upstream 
specific conductance equaled or exceeded downstream (Figure 7a). The average difference was 
approximately 85 uS/cm. Variation in downstream specific conductance was also dampened, 
compared to upstream. Downstream pH was slightly lower on most sampling dates. In April, 
2005 and March, 2006, downstream pH exceeded upstream by 0.3 and 0.4 standard units, 
respectively (Figure 7b). Both specific conductance and pH showed considerable variability.
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Sampling month and year
Figure 7: Comparison o f mean upstream and downstream values for (a) specific conductance 
and (b) pH. Means are calculated from 15 upstream and 10 downstream sampling stations. 
Data are not available for May or December, 2005. Error bars are ± 1 SE.
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Mean upstream dissolved oxygen concentrations equaled or exceeded downstream 
concentrations on all sampling dates (Figure 8 a). The mean difference between the two was 
approximately 2 mg/L. The differences between upstream and downstream temperature varied 
over time. In summer, mean downstream temperatures were generally 3 degrees higher. In winter, 
mean downstream temperatures were about 1 degree lower (Figure 8 b). Mean values for water 
temperature and dissolved oxygen concentration both exhibited a roughly seasonal and opposite 
pattern.
Upstream
-^D o w n stream,- s  16 -i
£  14 -
27
24 -
Sampling month and year
Figure 8 : Comparison o f mean upstream and downstream values for (a) dissolved oxygen 
concentration and (b) water temperature. Means are calculated from 15 upstream and 10 
downstream sampling stations. Data are not available from May or December, 2005. Error bars 
are ± 1 SE.
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Modeling Changes in Solute Concentrations at the Ten Study Wetlands
The LME models indicate that significant differences exist between upstream and 
downstream solute concentrations for eleven o f the twelve dependent variables. The models for 
delta N 0 3', delta DON, and delta TDN are summarized in Table 5. These models all showed a 
good fit between observed and predicted values (Figure 9).The models for standardized delta 
N 0 3\  standardized delta TDN, and delta DOC are summarized in Table 6 . These models fit the 
data moderately well (Figure 10). The delta DOC model is shown in pg C/L. This allows direct 
comparison with the delta DON model and accounts for the magnitude o f the estimates and 
standard errors o f that model as compared to the others (Table 6 ).
Table 5: Fixed effects, significance values, coefficient estimates, and coefficient standard errors 
for three models o f change in solute concentration that showed good fit between observed and 
predicted values. Change equals downstream concentration minus upstream concentration. 125 
to 133 cases were used to build each model. Fixed effects are listed in order o f significance.
Dependent variable Fixed effects Sig. Estim ate S td .e rro r
Delta NO 3- Intercept 0 . 0 0 0 73.1 35.1
pg N/L N 0 3‘ (pg N/L) 0 . 0 0 0 -0.835 0 . 0 2 0 0
Season 0 . 0 0 0
Winter (Dec-Feb) 0 . 0 0 0 144 35.3
Spring (Mar-May) 0.092 55.4 32.6
Summer (Jun-Aug) 0.751 8.93 28.1
Autumn (Sept-Nov) 0 0
DON (pg N/L) 0 . 0 0 1 -0.256 0.0750
NH4+ (pg N/L) 0.025 0.726 0.320
Delta DON (pg N/L) 0.047 -0.144 0.0720
Delta DON Intercept 0 . 0 0 0 166 41.4
Pg N/L Delta DOC (pg C/L) 0 . 0 0 0 0.0289 0.00331
DOC (pg C/L) 0 . 0 0 0 0.0196 0.00514
DON (pg N/L) 0 . 0 0 0 -0.860 0.0440
Dissolved oxygen (mg/L) 0 . 0 0 2 -8.47 2.67
Delta TDN Intercept 0 . 0 0 0 0.404 0.0650
mg N/L TDN (mg N/L) 0 . 0 0 0 -0.867 0.0213
Delta DOC (mg C/L) 0 . 0 0 0 0.0280 0.00506
Season 0.003
Winter (Dec-Feb) 0.005 0.171 0.0593
Spring (Mar-May) 0.779 0.0136 0.0483
Summer (Jun-Aug) 0.872 -0.00628 0.0388
Autumn (Sept-Nov) 0 0
Dissolved oxygen (mg/L) 0.006 -0.0155 0.00557
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Table 6 : Fixed effects, significance values, coefficient estimates, and coefficient standard errors 
for one model o f change in solute concentration and two models o f standardized change in 
solute concentration. All three models showed moderate fit between observed and predicted 
values. Change equals downstream concentration minus upstream concentration. Standardized 
change equals change per unit area o f the study wetlands (ha). 125 to 133 cases were used to 
build each model. Fixed effects are listed in order o f significance.
Dependent variable Fixed effects Sig. Estim ate Std. E rro r
Standardized NO 3- (pg N/L) 0 . 0 0 0 -0.0627 0 . 0 1 1 0
delta N 0 3‘ Intercept 0.006 47.0 15.0
pg N/L/ha Delta DON (pg N/L) 0 . 0 1 2 -0.0893 0.0350
DON (pg N/L) 0.018 -0.0834 0.0348
Delta N H /( p g  N/L) 0.028 -0.238 0.107
Spec. cond. (pS/cm) 0.043 -0.0950 0.0430
Standardized TDN (mg N/L) 0 . 0 0 0 -0.0545 0 . 0 1 1 1
delta TDN Delta DOC (mg C/L) 0 . 0 0 0 0.00963 0.00268
mg N/L/ha Intercept 0 . 0 0 1 0.240 0.0441
Wetland area:watershed area 0 . 0 0 1 -0.0148 0.00274
Watershed area (ha) 0 . 0 1 0 -3.54E -4 9.74E ' 5
Delta DOC Delta DON (pg N/L) 0 . 0 0 0 1 1 . 6 0.135
Pg C/L DON (pg N/L) 0 . 0 0 0 8.48 0.135
Study area:watershed area 0.014 188 60.0
Season 0.028
Winter (Dec-Feb) 0.005 -185 646
Spring (Mar-May) 0.017 -145 602
Summer (Jun-Aug) 0.015 -127 515
Autumn (Sept-Nov) 0 0
Intercept 0.068 131 678
The remaining five models had very poor fit (Appendix A). In the case o f both NH4+ 
models, severe non-normality was indicated. At least one important predictor variable was 
missing from the delta N 2 O model. For the standardized DON and DOC models, both conditions 
were indicated (Cooper, pers. comm.). The model for standardized delta N20  would not resolve 
mathematically. This indicates that, using the predictor variables listed in Table 3 ,1 could not 
demonstrate that standardized changes in N20  concentration were significant.
- 3 4 -




M .2  <D S  3 cfl
> sH3 OS c 
.2 8 

















S o> <D 
^  2  £  o 






























-5.0 -4.0 -3.0 -2.0
Observed values
Figure 9: Model fit for (a) delta NO 3 ', (b) delta DON, and (c) delta TDN. Corresponding 
observed and predicted values are in the same units. 1:1 lines are shown. 125 to 133 
cases were used in each model.
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Figure 10: Model fit for (a) standardized delta NO 3", (b) standardized delta TDN, and (c) 
delta DOC. Corresponding predicted and observed values are in the same units. 1:1 lines 
are shown. 125 to 133 cases were used in each model.
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Summary o f Trends
The delta models generally had a better fit than the standardized delta models. Changes in 
NO 3 ' concentration were generally negative; that is, downstream concentrations were generally 
lower (Figure 9a). Changes in DON and DOC concentration, however, were generally positive 
(Figures 9b and 10c). Changes in TDN concentration appeared to have a roughly equal balance 
between positive and negative values.
N 0 3', DON, and TDN concentrations were, respectively, fixed effects in the delta NO 3 ', 
delta DON, and delta TDN models. In each case, the concentrations had a negative effect. This 
indicated that with increasing inflow concentrations, the magnitude o f positive changes is reduced 
and the magnitude o f negative changes is made “more negative”, or increased.
The intercepts in the two TDN models and in the delta DON model were large, compared 
to the other models presented in Tables 5 and 6 . This indicated that these variables have relatively 
large positive baseline values (0.404 mg N/L, 0.240 mg N/L and 166 pg N/L, respectively). 
Therefore, if  negative changes in TDN and DON concentration are to occur, the other terms in the 
model must offset the intercept. This would occur if  the fixed effects in those models that have 
negative estimates also have large observed values.
Mutual Influence o f Dissolved N and DOC
My first null hypothesis was that changes in dissolved N and DOC concentrations were 
not predictive o f each other. Changes in N 0 3', NH4+, and N20  concentration were not related to 
DOC concentration. The first hypothesis is therefore not rejected for these solutes. However, 
delta DOC is a fixed effect for the delta TDN and delta DON models, so the first hypothesis is 
rejected for those solutes. Dissolved organic carbon has approximately the same effect on the 
delta TDN and delta DON models, perhaps reflecting the contribution that DON makes to TDN.
DOC and DON concentration each affect changes in concentration o f the other. DOC 
concentration and change in DOC concentration (delta DOC) are both effects in the delta DON
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model, having estimates o f 0.0195 and 0.0289 fig C/L, respectively. Similarly, DON 
concentration and delta DON are both effects in the delta DOC model and have respective 
estimates o f 8.48 and 11.6 pg N/L. This indicates that on a unit-per-unit basis, DON affects 
change in DOC more than the converse. However, because the observed values o f DON 
concentration are much smaller than observed DOC concentrations, the overall effect o f DON on 
change in DOC is smaller than the effect o f DOC on change in DON.
Season as Predictor
The second null hypothesis was that season did not predict changes in dissolved N or 
DOC concentrations. Season was not a significant effect in the delta DON, delta NH4+, or delta 
N 2 O models, so I did not reject the hypothesis for these solutes. Season is a significant predictor 
in the delta NO 3', delta TDN, and delta DOC models. In the delta NO 3 ' and TDN models, winter 
is significantly different from the other seasons. It has a positive and roughly equivalent effect on 
both variables, after allowing for the difference in units. This may reflect that N 0 3' is the 
dominant fraction o f upstream TDN, especially during the winter (Figures 3 a and 4b). In the delta 
DOC model, winter, spring, and summer are not significantly different from each other. All, 
however, exert a negative effect on changes in DOC concentration as compared to autumn. 
Conversely, this result can be interpreted as a positive effect on changes in DOC concentration 
during autumn compared to the rest o f the year. This may indicate that labile carbon is released 
from senescent leaves and litter into surface water within the wetlands, increasing downstream 
concentrations o f DOC.
Landscape Variables as Predictors
My third null hypothesis was that changes in dissolved N and DOC concentrations were 
not predicted by the landscape-scale characteristics o f dominant vegetation type, human
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population density, or proportion o f  wetland area. Dominant vegetation type and population 
density did not significantly predict changes in any o f the six modeled solutes. I did not reject the 
third hypothesis for these characteristics.
However, proportion o f  wetland area has a significant negative effect on standardized 
change in TDN concentration. I rejected the third hypothesis for this solute. Also, the proportion 
o f study wetland area significantly predicted changes in DOC concentration. The model states 
that increasing the size o f a study wetland -  for example, by change in land use patterns, climatic 
change, or beaver activity - will increase changes in DOC concentrations. Negative changes will 
become smaller and positive changes will increase in magnitude. Although this was not a variable 
about which I hypothesized, it is related to proportion o f wetland area.
Sallie’s Fen
I examined lateral and spatial variability in water chemistry at Sallie’s Fen during two 
sampling periods (summer-autumn, 2005 and summer, 2006). Mean concentrations varied 
considerably among the different solutes (Table 7). Within the fen, NO 3 ' concentrations were 
much lower than were NH4+ concentrations and both were much lower than DON. A comparison 
o f mean solute concentrations within the fen to those downstream from the other ten study 
wetlands indicates large differences. Fen NO 3 ' concentrations were less than 5% o f downstream
Table 7: Solute concentrations at Sallie’s Fen. Samples were taken from eight sampling stations, at 
depths of 0 to 70 cm below the peat surface (10 cm intervals), during ten dates in autumn, 2005 and 
summer, 2006. Bolded values are one-half the detection limit. Intervals are ± 1 SE.
Solute Mean
Concentration
Minimum Concentration Maximum Concentration
NCV (pg N/L) 8.4 ± 1 2.50 104
NH4+ (pg N/L) 118 ± 1 2 2.50 857
DON (pg N/L) 483 ± 18 35 1260
TDN (mg N/L) 0.610 ± 0 . 0 2 1 0.09 1.35
N20  (pg n 2o  /L) 457 ± 50 0 . 1 2760
DOC (mg C/L) 26.2 ± 0.85 4.00 61.3
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concentrations. DON and NH4+ concentrations at the fen were 200% and 300% higher, 
respectively. Fen TDN concentrations were about 20% higher and DON was consistently the 
dominant fraction. DOC concentrations at the fen were about 500% higher.
Lateral Spatial Variability
I examined lateral spatial variability among the pore-water collars (PI -  P3) and surface- 
water wells (W1 -  W5) in Sallie’s Fen (Table 8 ). To compare these eight sampling stations, 
values measured at each pore-water collar were averaged across the depth profile. Nitrate 
concentrations were consistently low. I did not sample at PI later in the summer o f 2006 when 
N 2 O concentrations at the other sampling stations peaked, which may explain the low N 2 O 
concentrations observed there. NH4+ and TDN concentrations were consistently higher at P2 than 
at P3. Dissolved organic carbon concentrations were consistent among all stations except W4 and 
W5, where they were lower. Specific conductance, pH, and temperature did not vary much 
among these sampling stations (Table 9). However, dissolved oxygen concentrations were 
consistently lower in the surface-water wells than they were in the pore-water collars. Dissolved 
oxygen and pH were consistently higher at P2 than at P3.
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Table 8 : Concentrations o f solutes from Sallie’s Fen. Samples were taken from eight sampling stations, at depths o f 0 to 70 cm below 
the peat surface (10 cm intervals), during ten dates in summer-autumn, 2005 and summer, 2006. PI - P3 are pore-water collars. W1 -  
W5 are surface-water wells. Averages at P1-P3 are calculated across the depth profile and across sampling dates. Averages at W l- 











N 0 3- (pgN /L) 10.5 ± 8 2.5 2 2 6 ±  1 0 2.5 56 11 ± 15 2.5 104
NH4+ (pg N/L) 277 ± 235 1 0 857 240 ± 203 2.5 554 26 ± 1 9 2 124
DON (pg N/L) 409 ± 128 180 630 523 ± 205 60 880 511 ±221 60 1260
TDN (mg N/L) 0.70 ± 0.20 0.33 1.08 0.77 ± 0.25 0 . 1 2 1.28 0.55 ± 0.22 0.09 1.3
N20  (pg N 2 0/L) 1 ± 2 0 . 1 6 902 ± 670 0 . 1 2510 376 ±661 2.5 2760
DOC (mg C/L) 26.3 ±8.3 14.7 41 24.1 ±5.83 6.29 35.9 30.8 ±11.4 6.16 53.4
W1 W2 W3 W4 W5
Solute Concentration Concentration Concentration Concentration Concentration
Mean Min Max Mean Min Max Mean Min. Max Mean Min. Max Mean Min. Max
N 03‘ 8  ±9 2.5 25 7 ± 12 2.5 33 7 ± 8 2.5 2 2 4 ±  6 2.5 15 18 ± 2.5 61
(pg N/L) 2 0
NH4+ 77 ± 15 193 159 ± 54 322 46 ± 7 8 6 50 ± 18 94 132 ± 15 416
(pg N/L) 60 95 26 2 2 161
DON 575 ± 1 1 0 890 621 ± 60 1 0 2 534 ± 1 2 0 830 371 ± 50 710 253 ± 60 560
(pg N/L) 248 403 0 238 218 188
TDN 0 . 6 6  ± 0.14 0.97 0.79 ± 0.16 1.35 0.59 0.13 0 . 8 8 0.43 ± 0 . 1 0 0.76 0.42 ± 0.09 1 . 0 0
(mg N/L) 0.26 0.48 ±
0.25
0 . 2 2 0.32
N20 484 ± 0 . 1 2352 570 ± 0 . 1 237 385 ± 0 . 1 116 260 ± 0 . 1 864 421 ± 0 . 1 1346
(Pg 830 882 0 500 0 391 555
N2 0/L)



















Table 9: Parameters measured at eight sampling stations in Sallie’s Fen. Measurements were made at depths o f 0 to 70 cm 
below the peat surface (10 cm intervals), during ten dates in autumn, 2005 and summer, 2006. PI - P3 are pore-water collars. 
W1 -  W5 are surface-water wells. Averages at P1-P3 are calculated across the depth profile and across sampling dates. 

























2.5 14.3 17.9 ±2.0 14.4 23.3 15.1 ±4.3 3.3 2 0 . 6
Param eter W1 W2 W3 W4 W5Mean Min. Max Mean Min. Max Mean Min. Max Mean Min Max. Mean Min Max
Spec. cond. 33 29 42 36.7 32 46 28.3 ± 2 2 35 30 26 38 42 30 67
(pS/cm) ±4 ± 6 5 ± 5 ± 13
pH 4.3 4.0 4.7 4.3 3.9 4.4 4.5 4.0 4.7 5.0 4.4 5.3 5.0 4.1 5.2
(std. units) ±0.3 ± 0 . 2 ±2.5 ±0.3 ±0.5
DO 1 . 0 0.3 2.4 0.63 0.4 1 . 2 0.82 0 . 2 0 1.7 1 . 2 0.26 4.2 1.3 0.29 3.3
(mg/L) ±0.7 ±
0.33
±0.55 ± 1.3 ± 1 . 1
Temp. 15.2 1 0 . 8 18.0 15.3 11.9 17.6 15.2 1 1 . 2 17.1 13.1 3.9 16.5 14.8 10.7 16.3
(deg C) ±2.7 ± 2 . 1 ± 2 . 1 ±4.6 ± 2 . 1
Vertical Spatial Variability
Solute concentrations, as averaged across sampling stations, varied with depth during the 
summer o f 2006. No clear trends were observed. However, N H / concentrations tended to be 
highest at 30 and 70 cm below the peat surface on most sampling dates. On three sampling dates, 
DOC and DON concentrations were both maximal at 50 cm below the peat surface (Table 10).
Very high N 2 O concentrations occurred during the second half o f the summer (Figure 11). These 
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Collection Date
Figure 11: Mean N20  concentrations at Sallie’s Fen, summer, 2006. Note break in y-axis. Means 
were calculated from five surface-water wells and seven depths at each o f  three pore-water collars. 
Error bars are ±1 SE.
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Table 10: Solute concentrations measured along a depth profile in Sallie’s Fen. Depths are 10 to 70 cm below the 
peat surface, in 10-cm intervals. Averages are calculated across three pore water collars, from ten dates in 











NCV (UK N/L) 5 ± 7 2.5 17.4 8 ± 14 2.5 56 8  ± 6 2.5 2 0
NH4+ (pg N/L) 17 ± 16 2.5 60.0 17 ± 16 2.5 6 8 235 ± 233 14 540
DON (pg N/L) 465 ± 239 90 880 505 ± 202 70 770 500 ±171 60 800
TDN (mg N/L) 0.49 ± 0.23 0.09 0.91 0.53 ± 0.20 0.09 0.77 0.74 ± 0.33 0 . 1 0 1.28
N20  (pg N 2 0/L) 596 ±811 0.1 2510 379 ±535 0.1 1850 485 ±701 0.1 2330
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Figure 12: Precipitation and water table elevation at Sallie’s Fen during summer, 2006 (Vamer and Crill, unpub. data). Water table is 






Specific conductance, dissolved oxygen, and pH were fairly constant along the depth 
profile for most o f summer, 2006. However, specific conductance and dissolved oxygen both 
increased, and pH decreased, on the last sampling date (Figure 13). This coincided with water 
table elevations that were below the peat surface (Figure 12). Temperature did not show any 
particular pattern, so no graph is included.
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Figure 13: (a) specific conductance, (b) dissolved oxygen concentration, and (c) pH along a 
depth profile in Sallie’s Fen during summer, 2006. Data from June, 2006 were not available.
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Modeling Solute Concentrations
I modeled the concentrations o f six solutes, as measured across sampling stations and 
depth profiles at Sallie’s Fen during summer-autumn, 2005, and summer, 2006. The models for 
DON, TDN, and DOC had a moderately good fit (Figure 14). The components o f  those models 
are listed in Table 11. In the models for DOC and DON, DOC is shown in pg C/L to allow direct 
comparison to the model presented in Table 6 . Use o f pg C/L rather than mg C/L largely 
accounts for the magnitude o f the estimates and standard errors in the DOC model (Table 11). 
The models o f N 0 3', NH4+, and N20  did not fit the data and are summarized in Appendix B.
Table 11: Fixed effects, significance values, estimates, and standard errors for models o f solute 
concentrations at Sallie’s Fen that fit the data well. 101 cases were used to build the models. 
Fixed effects are listed in order o f significance.
Dependent variable Fixed effects Sig. Estim ate S td .e rro r
DON DOC (pg C/L) 0 . 0 0 0 0.0182 0.00119
pg N/L Temperature 0 . 0 0 0 14.3 3.48
Water table elevation 0 . 0 0 0 7.06 1.50
Intercept 0.009 -164 61.1
N20  (pg N 2 0/L) 0 . 0 1 1 -0.0514 0 . 0 2 0 0
N 0 3' (pg N/L) 0.013 -2.40 0.952
TDN DOC (mg C/L) 0 . 0 0 0 0.0205 0 . 0 0 2
mg N/L Water table elevation 0 . 0 0 2 0.006 0 . 0 0 2
Total monthly precipitation 0.043 -0.0004 0 . 0 0 0 2
pH 0.045 0.0837 0.0414
Intercept 0.198 -0.261 0 . 2 0 2
DOC N O f (pg N/L) 0 . 0 0 0 135 37.3
Pg C/L DON (pg N/L) 0 . 0 0 0 32.9 2 . 0 0
Water table elevation 0 . 0 0 0 -295 58.9
Sampling depth 0 . 0 0 0 83.2 20.7
Intercept 0 . 0 0 1 2 1 2 0 1 5900
Total monthly precipitation 0 . 0 0 2 18.5 5.96
pH 0.005 -3540 1230
Several variables associated with season appear in all three models -  water table 
elevation, precipitation, and water temperature. Season was not an independent variable in these 
models, because I only sampled during summer and autumn.
Dissolved organic carbon positively affects TDN. It also has a positive effect on, and is 
positively affected by, DON. As seen in the delta concentration models (pp. 33-4), in the solute
- 4 8 -
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
concentration models DON has a much stronger unit-for-unit effect on DOC than the converse. A 
one-unit increase in DON concentration results in a 32.9 unit increase in DOC, whereas a one- 
unit increase in DOC concentration results in an increase in DON concentration o f approximately 
0.02 units. However, as with the delta concentration models, the observed values o f DON 
concentration are much smaller than observed DOC concentrations. The overall effect o f DON on 
DOC is thus smaller than the effect o f DOC on DON.
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Figure 14: Model fit for (a) DON, (b) TDN, and (c) DOC concentrations, based on data 
from Sallie’s Fen, summer-autumn, 2005 and summer, 2006. 101 cases were used to build 
models. Corresponding observed and predicted values are in the same units. 1:1 lines are 
shown.
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Study Wetlands in the Lamprey River Watershed
The solute concentrations observed in this study generally fell within the range o f other 
measurements made in the Lamprey River watershed. Whereas I observed mean surface water 
NO 3 ', NH4+, and DON concentrations o f 280,43, and 215 pg N/L, respectively, O ’Donnell 
(2004) found concentrations o f 105, 30, and 180 pg N/L. The current study found mean DOC 
concentrations o f 5.02 mg C/L, as compared to O ’Donnell’s (2004) finding o f 5.83 mg C/L. In 
the most heavily impacted streams in the Lamprey River basin, Blumberg (2002) found NO 3 ' 
concentrations as high as 1700 pg N/L and DON concentrations as high as 1.5 mg N/L. Most 
streams that he measured had much lower concentrations (200 - 450 pg N/L). Buyofsky (2006), 
who also investigated the Lamprey River watershed, generally found TDN concentrations o f less 
than 0.5 mg N/L (as opposed to 0.539 mg N/L in the current work). Her DOC concentrations 
ranged between 2 and 9 mg C/L. A metastudy o f over 60 watersheds with mixed land use types 
found mean NO 3 ' and DON concentrations o f 183 and 490 pg N/L, respectively, in surface water 
(Pellerin et al., 2006).
I was unable to find published studies comparing solute concentrations upstream and 
downstream of palustrine wetlands. However, an ongoing study o f dissolved N species in natural, 
very N-rich streams in the UK has not found significant differences above and below wetlands 
(P.J. Johnes, Professor, University o f Reading, U.K., pers. comm.).
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Sallie’s Fen
The NH4+ and NO 3 ' concentrations I observed fell within the range o f those reported in an 
earlier study o f Sallie’s Fen done by Rappoli (1994). However, the maxiumum NO 3 ' 
concentrations reported by Rappoli exceeded the maximum that I measured by a factor o f 4. 
Observed DOC concentrations within Sallie’s Fen were consistent with other studies o f 
undisturbed peatlands. These generally found pore-water concentrations o f less than 60 mg C/L 
(Moore et al., 2003; Fraser et al., 2001), which are considered high compared to other types of 
landscapes (Moore, 2003). Observed DOC concentrations at the downstream outlet were 
approximately 50 -  60% lower than previously reported values (Carroll and Crill, 1997). Both the 
current and previous findings reported higher DOC concentrations in the autumn than at other 
times o f year. The surface water export o f DOC at Sallie’s Fen was calculated to be 3 -  4 g C m ' 2  
yr ' 1 (Carroll and Crill, 1997). This is similar to exports from bogs in Ontario, Massachusetts, and 
Quebec (Moore et al., 2003; Fraser et al., 2001).
The values for dissolved N20  that I observed in pore- and surface-water at Sallie’s Fen 
fall within the range observed by Rappoli (1994). Findings for dissolved N20  concentrations are 
rare in the literature, as most researchers report their results in terms o f fluxes or emission rates. 
Estimates vary widely depending on wetland type, whether the wetland has been previously 
drained, and whether or not N  was added during the study. Goodroad and Keeney (1984) report 
annual net emissions o f 0.1 -  0.5 and 5.7 -  13.1 kg N 2 0 -N  ha ' 1 respectively from flooded and 
drained temperate fens in the United States. Studies o f temperate fens in Germany found 
emissions that ranged from 0.6 to 14 kg N 2 0-N  ha '1, depending on drainage and N enrichment 
(Augustin et al., 1996).
Some patterns in water quality within Sallie’s Fen may be due to vegetation. P2 generally 
showed higher dissolved oxygen concentrations than P3. There are several alder (A. incand) 
saplings adjacent to P2, whereas P3 is surrounded by sedge (C. rostrata) and Sphagnum species. 
Studies o f wetland macrophytes have shown that they allow increased oxygen concentrations in
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the rooting zone, either by forming root channels through the sediments or by passively 
transporting oxygen through aerenchyma (Martin et al., 2003; Weisner, et al., 1994).
P2 also had consistently higher NH4+ concentrations than did P3. It is unlikely that the 
NH4+ found in the pore water results from the reduction o f NO3". Not only were NO3' 
concentrations low at P2, but there were no differences in NO3' concentrations between P2 and 
P3. Alder species are known N-fixers (Johnston, 1991) and it is more likely that N-fixation 
elevated the concentrations o f dissolved N to a point that available NH4+ was not immediately 
immobilized. Fixation might be sufficient to explain the differences in TDN concentration 
between P2 and P3, which are about 100 pg/L at most depths. Bischoff and others (2001) found 
that alder woody and foliar tissue accounted for a disproportionate amount o f the N stored in the 
overstory o f a palustrine peatland in the Adirondacks. Fresh foliage and foliar litter from alders 
had equivalent C:N ratios. This suggests that accumulations o f alder litter could create areas in 
the peat that are relatively enriched in N.
W etlands and W ater Quality
Wetlands can affect downstream water quality through several interrelated processes. 
Nitrification in the oxidized rhizosphere transforms NH4+ to N 0 3" which is then available for 
preferential uptake by plants (Mitsch and Gosselink, 2000), as well as for denitrification. Through 
these processes, in addition to the uptake and denitrification o f allochthonous N 0 3', wetlands can 
remove dissolved inorganic nitrogen (DIN) from solution. Wetlands also transform inorganic 
nitrogen to organic forms, and they produce DOC. These processes are complicated by 
fluctuations in the primary drivers o f wetland ecosystems: climate, hydrologic regime, vegetation, 
and geomorphology (Bowden, 1987) and by variations in microbial dynamics (Cirmo, 1998). 
Water quality in a drainage network is affected both by processes within the wetland and by the 
wetland’s position within the watershed (Johnston et al., 1990). In the northeastern United States, 
headwater streams contribute 70% o f the discharge and two-thirds o f the N flux found in second-
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order streams. That impact is felt as far downriver as fourth-order streams, which receive 40% of 
their N  from headwaters (Alexander et al., 2007). The processing that occurs in headwater 
wetlands is thus o f particular importance to downstream water quality.
Sources o f N to the Wetlands
Atmospheric deposition can contribute significant amounts o f new N to wetlands, with as 
much as 0.5 to 1 g o f N m "2  yr ' 1 being input as NH4+ and N 0 3' (Bowden, 1987). A study in New 
Castle, New Hampshire (approximately 30 miles east o f the Lamprey River watershed) found that 
atmospheric deposition contributed an average o f 52 mmol N m ' 2  yr ' 1 to the Gulf o f Maine from 
1994 to 1997 (Jordan and Talbot, 2000). Wet deposition o f NH4+ and N 0 3', exclusive o f fog, 
comprised 80 to 90% of the influx. In addition, the researchers found that wet deposition was 
strongly episodic -  8 % of the precipitation events accounted for 56% of the N influx (Jordan and 
Talbot, 2000).
I observed peaks in N 0 3' concentrations both up- and downstream of the study wetlands 
during late winter in both 2005 and 2006. Upstream concentrations were also high during or after 
major precipitation events in April, 2005 and October, 2006. These observations suggest that wet 
deposition o f nitric acid was a main contributor o f N 0 3' to these systems. The precipitation might 
also have caused water tables to rise, carrying N 0 3' from septic tanks and other non-point 
sources. Either explanation is supported by the decline in N 0 3' concentrations observed in late 
summer o f both 2005 and 2006. These were periods o f low precipitation and low groundwater 
table elevation, as measured at Sallie’s Fen.
However, only a small peak in upstream N 0 3' concentrations was observed following 
major precipitation events in May, 2006. This may indicate that any N 0 3' present in the 
precipitation or rising water tables was quickly immobilized by microbes or taken up by plants 
during the growing season. The lack o f a corresponding peak in NH4+ suggests that N 0 3‘ 
contributed by precipitation that month was not immediately reduced. Similarly, declines in
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downstream N 0 3' concentration during the summers o f 2005 and 2006 were not paired with 
peaks in NH4+. This suggests that the decrease in NO 3 ' concentration was not primarily due to 
ammonification but may have been caused by immobilization and uptake.
Denitrification and N?Q Emissions
The conditions at the ten study wetlands appeared optimal for denitrification -  N 0 3' and 
labile C were available, and variations in the textures o f soil and organic matter may have 
provided neighboring oxic and anoxic zones. At Sallie’s Fen, N 0 3' concentrations were low and 
NH4+ and DON concentrations were high, compared to the other ten study sites. It seems likely 
that coupled nitrification-denitrification may have been an important pathway there. At all sites, 
fluctuating water tables may have provided additional pulses o f mineralized N, nitrified N, and 
additional C, thereby enhancing activity in denitrification “hot spots” (McClain et al., 2003).
During the summer o f 2006, the water table at Sallie’s Fen was generally high and it 
showed strong, frequent fluctuations. The highest observed N20  concentrations occurred during 
that time. In contrast, the water table elevation was lower during the summer o f 2005. 
Fluctuations occurred less frequently and were o f smaller magnitude (Varner and Crill, 
unpublished data). These findings are consistent with the suggestion that keeping water tables 
high for prolonged periods maximizes the removal o f N 0 3' from the water column and minimizes 
the N20  fraction o f denitrification product (Jacinthe et al., 2000).
Some studies have found that season and related variables such as water table elevation, 
soil moisture, and temperature, are associated with elevated denitrification. In a study o f thirteen 
riparian wetlands in seven European countries, Hefting and others (2004) found that water table 
elevation was the main driver o f denitrification rates, overriding other factors such as vegetation 
type and soil texture. Water table elevations between 10 and 30 cm below the soil surface were 
most favorable for denitrification (Hefting et al., 2004). Hanson and others (1994) found 
occasional peaks in denitrification in the summer, but in conjunction with heavy precipitation
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events rather than declines in water table elevation. Research done on twelve headwater streams 
found increased N 2O emissions in spring, when discharge and NO 3 ' concentrations in surface 
water were both high (J. Beaulieu, Ph.D. candidate, University o f Notre Dame, unpublished). A 
study o f in situ denitrification in riparian soils found that denitrification enzyme activity (DEA) 
was primarily controlled by soil moisture and organic C availability at small scales (Flite et al., 
2001). A study o f riparian systems in the headwaters o f the Mississippi found that temperature 
was a primary driver o f NO 3' loss. Surface water NO 3 ' concentrations in the winter were 30 times 
higher than those observed during summer (Triska et al., 2007).
Unlike denitrification generally, some researchers have found that N20  fluxes are not 
significantly related to season. A review by Augustin and others (1996) found that N20  emissions 
in laboratory experiments were strongly influenced by temperature. However, under field 
conditions, the relationship is not clear. A study o f in situ N20  production in riparian soils found 
that although DEA varied with temperature, N20  fluxes did not seem to follow any temporal 
trends (Dhondt et al., 2004). These findings were consistent with a report on a freshwater wetland 
receiving N-enriched groundwater, in which no seasonal trends in N20  emissions were found 
(Paludan and Blicher-Mathiesen, 1996). These findings underscore that many studies o f wetland 
denitrification measure potential, rather than actual, denitrification. This may result in 
overestimating the importance of denitrification in freshwater wetlands (Bowden, 1987).
Peaks in N20  emissions are often, but not consistently, associated with declines in water 
table elevation. Rappoli (1994) found that 75% o f the total annual N20  flux from Sallie’s Fen was 
emitted during the late summer and early fall (August -  October). This is consistent with the 
sharp increases in N20  concentrations observed at Sallie’s Fen in the current study, which 
coincided with declines in water table elevation (Varner and Crill, unpublished data). A study o f a 
minerotrophic alder-dominated fen in northeastern Germany also found that generally N20  
emissions increased with declines in water table elevation (Augustin et al., 1996). However, this 
pattern does not always hold. Rappoli (1994) observed a spike in dissolved N20  concentrations in
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March, 1993, despite a high water table, whereas Augustin and others (1996) found a sharp 
decline in N20  emissions in May, 1994, despite a low water table. Suggested explanations 
included drought-induced alterations in soil structure, competition between plants and microbes 
for NO 3 ' that decreased the potential for denitrification, and a temporary decline in available C 
(Augustin et al., 1996).
Although N20  is most commonly thought o f as a product o f denitrification, it can be 
produced during nitrification also (Mulholland et al., 2004). This pathway might explain the peak 
in N20  concentrations seen at Sallie’s Fen with its low N 0 3‘ concentrations. However, one study 
found that the amount o f N20  directly produced via nitrification was positively correlated with 
base saturation (Davidson and Swank, 1986). At the time that Sallie’s Fen was producing high 
concentrations o f N 20 ,  pore-water pH values decreased, implying low base saturation. 
Additionally, experiments using 15N tracers in estuarine sediments indicated that essentially all o f 
the N 2  and N20  formed through denitrification was produced through coupled nitrification 
(Jenkins and Kemp, 1984).
During the summer o f 2006, the ten study wetlands were characterized by shrinking 
margins (pers. obs.), relatively high N20  concentrations, and high NO 3' concentrations as 
compared to other studies o f the Lamprey River (O’Donnell, 2004; Blumberg, 2002). 
Denitrification o f the NO 3 ' present and perhaps coupled nitrification-denitrification is likely to 
have occurred at these sites. Given the relatively low NH4+ concentrations, it seems unlikely that 
much N20  was directly produced during nitrification. Additionally, NO 3 ' can compete with N20  
for electrons, decreasing the rates at which N20  is reduced to N 2  (Holtan-Hartwig et al., 2000). 
This suggests that, in the presence o f N 0 3', N20  might accumulate despite anaerobic conditions 
that would generally facilitate its complete denitrification to N2. Whether N20  is generated 
primarily by nitrification or denitrification depends on conditions. Dhondt and others (2004) 
concluded that when a high water table, high N 0 3‘ concentrations, and low NH4+ concentrations 
are all present, denitrification is the more important process.
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Certain substrates in streams are thought to present a variety o f redox conditions 
(Mulholland et al., 2004). In examining long-term data from Hubbard Brook, NH, Bernhardt and 
others (2005) concluded that the declines in surface water NO 3 ' concentrations and watershed 
scale NO 3' export observed during the past several decades could be partly due to increased 
denitrification occurring in debris dams and associated biofilms in mountain streams. Many o f the 
Lamprey River wetlands contained woody debris, leaf packs, hummocks, beaver dams, and other 
areas that could provide heterogeneity in redox conditions. It is likely that such sites would 
facilitate coupled nitrification-denitrification and so enhance N loss from these wetlands.
Denitrification may contribute to improvements in water quality by removing dissolved 
N as N 0 3'. However, N H / and DON can be simultaneously released from wetland sediments into 
the overlying water column. This decreases the net loss o f N and can provide NO 3' precursors to 
downstream ecosystems. A study comparing sandy and peaty wetland soils found that net N 
removal occurred in the sandy soil, although removal declined with depth. In the peaty soil, 
however, there was a net release o f N from the soil into soil solution, particularly at depth 
(Davidsson et al., 1997). This may have implications for wetlands in which flow through the 
deeper soil layers is an important export path for dissolved N.
Transforming DIN to DON
Data from the current work suggest that as surface water passes through the ten study 
wetlands, NCV concentrations decrease and DON concentrations increase. This could be due to 
the dilution of surface waters by groundwater and precipitation. Another explanation is that 
biogeochemical processing within the wetlands transforms DIN to DON.
Dilution might explain a decrease in NO 3 ' concentration, but the groundwater in the 
Lamprey River watershed generally has higher concentrations o f NO 3 ' than surface water 
(Buyofsky, 2006; O ’Donnell, 2004). In addition, if  dilution were a main factor, downstream DON 
concentrations could be expected to be lower than upstream, because the mean groundwater DON
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concentration in the Lamprey River basin was found to be approximately 35 pg N/L (Buyofsky, 
2006). Instead, mean downstream DON concentrations exceeded upstream by approximately 70 
pg N/L.
The increase in downstream DON concentrations could be partly due to additions o f 
enriched precipitation to the wetlands. As it becomes throughfall, overland flow, or shallow 
subsurface flow, precipitation may leach nutrients from foliage and litter. A study in the Hubbard 
Brook Experimental Forest o f New Hampshire found significantly higher concentrations o f NO 3 ' 
and NH4+ in throughfall than in precipitation (Eaton et al., 1973). Leaching can return significant 
amounts o f fixed nutrients to the surface waters o f wetlands (Johnston, 1991). However, the 
concentrations o f DON seen in months with strong precipitation events -  April and October, 2005 
and May, 2006 -  were not significantly different from concentrations observed during other 
months.
Despite slow peat accretion rates, vegetative processes can cause wetlands to be net sinks 
for N. A study o f a palustrine peatland in the Adirondack Mountains indicated that the N  required 
for vegetative production was not solely supplied by mineralization o f autochthonous organic 
materials. Uptake o f inorganic N  imported from adjacent uplands was one explanation, although 
N-fixation by alders was another (Bischoff et al., 2001). Some forest vegetation has been shown 
to take up organic N as intact amino acids, reducing those species’ dependence on inorganic N 
(Nasholm et al., 1998). I f  species in the study wetlands were using a similar mechanism, a 
decrease in DON concentration across the wetlands might be expected. However, a decrease was 
not observed.
DOC Production
The high concentrations o f DOC in late summer at both Sallie’s Fen and the ten study 
wetlands may be related to increased rates o f decomposition associated with higher temperatures
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and lowered water tables. The sharp peak observed during October, 2005 might reflect the 
leaching o f senescent vegetation -  the same mechanism possibly responsible for the increased 
DON concentrations observed during that time. A water-table manipulation study using peat 
cores from a Welsh wetland dominated by Sphagnum and Juncus species found that NO3' and 
DOC flux increased under simulated drought conditions (Freeman et a l ,  1993a). This was 
attributed to increased mineralization and nitrification, which were facilitated by lowered water 
tables and the accompanying increase in oxygen content at depth in the peat profile. Similar 
results were found at a peat bog in northwestern Germany during the summer o f 2003, which was 
particularly hot and dry (Glatzel et al., 2006).
Specific Conductance
Several explanations are possible for the attenuation o f downstream specific conductance 
values relative to upstream. The upstream flows may carry cations contributed by groundwater. 
Uptake o f base cations by wetland vegetation might explain the dampened response downstream. 
Alternatively, cations might bind with sediments, removing them from the water column. Some 
studies have found that, in systems experiencing increased CO2  efflux due to declines in water 
table, calcium can precipitate as calcium carbonate (Freeman et al., 1993a). This would not 
appear to be the case at the Sphagnum-dominated Sallie’s Fen, where specific conductance values 
increased with declines in water table. However, it might partially explain the reduction in 
downstream specific conductance in the study wetlands. The most likely explanation for the 
decrease in downstream specific conductance values, however, is dilution by water that is poor in 
ions, such as precipitation falling directly on the wetland (McDowell, pers. comm).
M odel Variables
Changes in some solute concentrations (e.g., delta DOC) were significant effects in the 
models o f changes in other solute concentrations (e.g., the delta DON and delta TDN models).
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This suggests that solute concentrations vary along the length of the flowpath, not just at a zone in 
the upstream end. It is important to note, however, that the standardized delta models generally 
did not perform well. In other words, standardizing changes in solute concentration by wetland 
area did not improve model performance. This may indicate that changes did not occur equally 
across the area o f the study wetland. The most important zone o f activity may be limited to a 
small area extending laterally from the primary flowpath. However, it is important to note that 
even if  biogeochemical cycling in wetlands is not strongly dependent on wetland area, other 
wetland functions such as sediment retention, wildlife habitat, and flood mitigation, may be. 
Alternatively, standardizing by a different parameter -  hydrologic residence time, or flowpath 
length -  might have provided a better fit between observed and predicted data.
The delta NO 3 ', delta DON, and delta TDN models all contained the respective inflow 
concentrations o f those species as significant effects. This suggests that N-loading upstream of 
the wetlands is an important driver o f wetland processing. These palustrine wetlands generally 
have a primary flowpath as opposed to being characterized by diffuse or sheet flows. Given the 
through-flowing streams, it may be that N-cycling in these wetlands depends upon inputs as much 
as it does internal transformations o f stored N. This finding for the delta N 0 3' model is consistent 
with work cited in a review by Johnston (1991). Riparian wetlands in watersheds dominated by 
agriculture have very high N inputs. However, these systems either retain or denitrify more N 
than other wetlands that are not characterized by primary flowpaths.
Implications of Climate Change and Continued N Loading
In experiments on incubated soil cores taken from a minerotrophic fen in northern Wales, 
Kang and others (2001) found that elevated atmospheric CO2  was associated with decreased NO 3 ' 
availability and decreased N20  emissions. However, if  increased N loading continues, the N 0 3' 
limitation on N20  emissions would be eased and an increase in N20  fluxes from fens and bogs 
could occur (Moore, 2002). Several NO 3 '- addition studies have shown that N20  effluxes increase
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with NO 3 ' concentration. Some researchers have found only small increases (Paludan and 
Blicher-Mathiesen, 1996). By contrast, Mulholland and others (2004) found that while overall 
denitrification decreased with NO 3 ' additions, N20  fluxes showed a six-fold increase when stream 
water NO 3 ' concentrations were increased from ambient levels (23 jag N/L) to 500 pg/L. 
Increasing population density in the Lamprey River watershed could lead to increased NCV 
concentrations and greater local N20  production. The delta NO 3' model generated in the current 
work indicates that increases in upstream NCV concentrations will actually result in even lower 
downstream N 0 3‘ concentrations. This suggests that not only are the study wetlands not yet N- 
saturated, but that denitrification in those wetlands may be NCV-limited.
Increased atmospheric N deposition means that ecosystems may become N-enriched 
(Vitousek et al., 1997). Ecosystems like Sallie’s Fen that primarily rely on precipitation for water 
input are adapted to poor conditions and tight nutrient cycling. Vegetation community shifts are 
likely if  nutrient inputs to these systems increase. Reductions in Sphagnum species would 
decrease the water-holding capacity o f peatlands and thus their ability to expand and contract 
with flood and drought (Moore, 2002). NO 3' additions have also been linked with increased 
decomposition rates (Jordan et al., 1989). Increased decomposition would degrade stored peat 
and reduce its ability to store water. It is also linked to increased emissions o f gaseous C, creating 
a potentially positive feedback with climate change (Blodau, 2002).
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CHAPTER 5
CONCLUSIONS
Changes in water quality occur as surface water passes through headwater wetlands in the 
Lamprey River watershed. Nitrate and TDN concentrations were generally lower and less 
variable downstream o f the wetlands. Dissolved organic nitrogen concentrations were higher 
downstream o f the wetlands, especially during the summer. The fractionation o f downstream 
TDN varied, with N 0 3' dominating in winter and early spring and DON dominating during the 
growing season. Dissolved organic carbon concentrations were consistently higher downstream 
o f the wetlands. These changes in solute concentration suggest that biogeochemical processes in 
wetlands remove inorganic nitrogen from surface waters and transform it into organic and 
gaseous N species. DOC concentration, season, and the proportion o f wetland area all influence 
changes in the concentrations o f dissolved N species. These changes can be modeled using linear 
mixed-effects models. This technique is not yet widely used in natural resources science. 
However, it is well equipped to handle the repeated measures, missing, and non-normal data that 
are common in observational studies o f ecosystems.
The delta N 0 3' and delta TDN models suggest that palustrine headwater wetlands in the 
Lamprey River are not yet N-saturated because increased upstream concentrations o f N 0 3' and 
TDN reduce the magnitude o f downstream concentrations. However, continued suburbanization 
o f the watershed will result in increased N loading from waste disposal and atmospheric 
deposition, as well as possibly causing reductions in wetland area. The Lamprey River watershed 
currently retains about 95% of the N that enters the basin (Daley, pers. comm). Even a small 
decrease in percent retention would result in a large increase in N  export. Such increases,
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especially during the early spring, have serious implications for water quality in downstream 
ecosystems including the Great Bay and the Gulf o f Maine.
Climate change may also play a role in wetland N cycling, because changes in 
temperature and precipitation patterns will probably affect wetlands. Alterations in hydrologic 
regimes, in the depth to water table, and in water table fluctuations may change the amounts o f 
N 2 O and other greenhouse gases (e.g., methane, carbon dioxide) that are emitted from wetlands.
It is possible that wetlands could become sources o f N  and C, at least seasonally. This has 
implications for global budgets and climate change models.
Continued suburbanization o f the Lamprey River basin means that use o f its surface 
waters for drinking and for waste disposal will grow. Nitrogen cycling and retention in headwater 
wetlands protects the quality o f surface and ground waters and will be increasingly important.
The protection and management o f wetlands will enhance their ability to provide the services that 
residents o f the Lamprey River basin demand and that planning agencies expect - as well as 
preserving the inherent value o f these fragile ecosystems.
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A P P E N D IX  A
Summaries o f Five Poorly-fitting Models Based on Data from
Ten Study Wetlands in the Lamprey River Watershed
Five poorly-fitting models o f delta and standardized delta solute concentrations observed at the 
ten study wetlands in the Lamprey River watershed are summarized. Fixed effects are listed in 
order o f significance. The graphs show the fit between observed and predicted values for the five 
models. Observed and predicted values are in the same units. 1:1 lines are shown.
D ependent variab le Fixed effects Sig. E stim ate Std. e r ro r
Delta NH4+ (pg N/L) N O ,' (pg N/L) .000 -0.052 0.009
DON (|ag N/L) .000 -.0762 20.647
Spec. cond. .001 0.178 0.035
Pop. density .004 -0.737 0.177
Study area:watershed area .025 4.906 1.745
Intercept .042 39.351 14.155
Standardized NH4+ (pg N/L) .000 0.907 0.202
delta NH4+ Spec. cond. .006 0.209 0.057
(pgN /L /ha) N O ,-(pgN /L ) .006 -0.038 0.013
DON (pg N/L) .022 -0.0753 32.363
Intercept .157 -30.683 18.656
Delta N20 N20  (pg N20  /L) .005 -0.098 0.034
(pg N20 /L ) Intercept .267 18.276 15.364
Standardized Delta DOC (mg C/L) .000 18.722 4.347
delta DON Delta DOC * DON .003 -0.040 0.013
(pg N/L/ha) DON (pg N/L) .093 -0.056 0.033
Intercept .536 7.068 11.262
Standardized Delta TDN (mg N/L) .001 2.951 0.876
delta DOC Delta N 0 3"(pg N/L) .002 -0.004 0.001
(mg C/L/ha) TDN (mg N/L) .004 2.355 0.807
Study area .013 -0.166 0.053
N 0 3" (pg N/L) .014 -0.002 0.001
Delta NH4+ (pg N/L) .025 0.006 0.003
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A P P E N D IX  B
Summaries o f Three Poorly-fitting Models Based on Data from Sallie’s Fen
Dependent variables, fixed effects, estimates, and standard errors for three poorly-fitting models 
o f solute concentrations observed at Sallie’s Fen. Fixed effects are listed in order o f significance. 
The graphs show the fit between observed and predicted values for the three models. Observed 
and predicted values are in the same units. 1 : 1  lines are shown.
N 0 3'  (pg  N /L) D issolved oxygen .004 4.278 1.376
Intercept .844 -0.753 3.725
NH4+ (pg  N /L) Sam pling depth . 0 0 0 2.217 0.528
Spec. cond. .004 3.988 1.362
Intercept .214 -64.934 14.155
N 20  (pg  N 2 0 /L ) DON . 0 0 0 -1.175 0.254
Tem perature . 0 0 0 75.395 13.168
W ater table elevation .007 16.659 5.988
Total daily precipitation . 0 1 0 2.083 7.906
Spec. cond. .033 16.630 7.673
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APPENDIX C
Solute Concentrations and Water Quality Measurements 
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DON









D O Cone 
mg/L
Tem p
d e g C
48428 C an lup 02/06/05 246.89 21.32 0 . 1 0.372 2 . 1 1 . 0 0 0 6.65 406 16.31 0.9
48429 C an lm d 02/06/05 200.76 16.54 0 . 2 2 0.437 2.369 0.780 6.7 409 15.57 0.7
48430 C an ld n 02/06/05 32.17 43.73 0 . 2 2 0.301 4.545 0.540 5.98 324 10.19 0 . 2
48431 C an lup 02/12/05 200.76 13.82 0.15 0.367 2.771 1 . 0 0 0 6.55 393 16.54 0 . 6
48432 C an lm d 02/12/05 192.31 39.08 0.06 0.291 2.106 0.580 6.93 410 16.12 0.4
48433 C an ld n 02/12/05 114.3 17.17 0 . 2 0.333 4.777 0.600 6.31 290 12.73 0 . 1
48434 N o rlu p 02/13/05 20.17 16.19 0 . 1 1 0.149 3.196 0.460 5.01 2 1 16.86 0.5
48435 N o rld n 02/13/05 41.81 21.73 0 . 1 1 0.172 2.995 0.800 5.69 161 13.2 0 . 2
48436 N or2a 02/13/05 257.36 12.75 0.15 0.422 1.672 1 . 0 0 0 6.56 145 15.84 1 . 1
48437 N or2b 02/13/05 41.35 1 . 6 8 0.04 0.086 0.696 1 . 0 0 0 6.53 98 12.15 6.5
48438 N or2dn 02/13/05 295.4 22.25 0.08 0.401 1.654 1 . 0 0 0 6.52 145 15.63 0.9
48439 N ot4up 02/13/05 33.26 16.02 0.15 0 . 2 4.413 1 . 0 0 0 5.74 82 15.1 1.4
48440 N ot4dn 02/13/05 37.95 9.74 0 . 2 1 0.263 4.308 1 . 0 0 0 5.94 83 15.03 1 . 2
48441 E p p lup 02/13/05 34 2.15 0.13 0.163 6.413 1 . 0 0 0 4.55 115 15.39 0 . 6
48442 E p p ld n 02/13/05 54.92 11.57 0.18 0.243 6.605 0.580 5.17 173 10.53 0.3
48443 Epp2a 02/19/05 77.5 9.21 0 . 1 0.192 2.038 0.680 6.06 62 12.98 0 . 2
48444 Epp2b 02/19/05 333.18 21.26 0.15 0.507 3.134 1 . 0 0 0 6.53 133 13.95 0 . 8
48445 Epp2c 02/19/05 59.24 24.52 0 . 2 0.281 5.749 0.700 6 81 11.46 0.4
48446 Epp2dn 02/19/05 500.86 15.34 0.15 0.669 3.222 1 . 0 0 0 6.49 165 14.2 0 . 6
48447 Epp3up 02/19/05 3300.34 183.82 0.41 3.891 3.89 2 . 1 0 0 7.39 379 15.78 1.9
48448 Epp3dn 02/19/05 577.56 13.34 0.28 0.875 4.06 1.650 6.59 115 10.81 0 . 2
48449 E pp4al 02/19/05 101.08 27.63 0.16 0.288 3.413 1 . 1 1 0 6.55 284 14.18 1
48450 Epp4b2 02/19/05 695.11 40.73 0.14 0.879 3.022 1 . 0 0 0 6.34 532 13.72 1 . 2
48451 Epp4c2 02/19/05 682.49 13.41 -0.35 0.346 1.706 1 . 0 0 0 6.41 568 15.43 1.7
48452 Epp4bc2 02/19/05 531.41 25.39 0.27 0.826 3.712 0.720 6.76 214 16.98 0 . 2
48453 Epp4bc4 02/19/05 407.22 23.66 0 . 1 1 0.537 3.31 0.990 6.76 195 15.96 0 . 1
48454 Epp4dn 02/19/05 323.38 24.89 0.17 0.521 3.376 1.040 6.62 207 15.23 0 . 1
48589 E pp4bl 02/20/05 613.42 20.82 1.41 2.047 11.985 1 . 0 2 0 6.87 181 17.33 0 . 1
48596 E pp4cl 02/20/05 794.51 23.19 -0.13 0.683 1.741 2.190 6.09 374 15.78 0 . 1
48603 Epp5up 02/20/05 181.43 15.33 0.14 0.342 3.17 0.720 6.84 214 17.36 0.3
48610 Epp5dn 02/20/05 151.55 9.65 3.22 1 . 0 0 0 6.94 206 15.62 0
48611 R ay1up 02/20/05 632.02 -1.06 0.09 0.718 3.626 1.260 6.79 293 16.89 0.3
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TD N  









mg/L Temp deg C
60201 Epp4a2 04/30/06 338.21 28.3 0.17 0.54 3.261 0.070 7.05 259 8.06 16.3
60202 E pp4bl 04/30/06 305.23 9.93 0.26 0.578 5.441 0.140 7.18 198 7.96 11.5
60203 Epp4b2 04/30/06 529.04 1.57 0.05 0.578 1.909 0.310 6.61 649 9.66 10.3
60204 Epp4cl 04/30/06 222.18 8.49 0.16 0.393 1.64 0 . 2 1 0 6.63 512 6.55 14.9
60205 Epp4c2 04/30/06 545.83 10.91 0.3 0.855 2.368 0.240 6 . 6 8 629 9.51 1 2 . 2
60206 Epp4bc2 04/30/06 218.41 15.88 0.29 0.523 4.381 0.090 6.78 296 9.24 11.4
60207 Epp4bc4 04/30/06 99.61 33.37 0.18 0.312 4.799 0.060 6.79 271 6.79 19.8
60208 Epp4dn 04/30/06 121.97 60.91 0.16 0.339 3.721 0.050 7.02 263 6.82 18.4
60209 EPP3up 04/30/06 1132.57 8.39 1 . 2 2.346 2.654 0.140 7.33 371 9.79 12.7
60210 Epp3m d 04/30/06 1581.61 15.88 0 . 2 2 1.822 2.793 0.080 7.36 295 10.79 10.4
60211 Epp3dn 04/30/06 260.77 43.64 0.36 0.661 5.975 0 . 1 2 0 6.96 167 8.45 1 0 . 2
60326 E pp lup 05/24/06 11.76 7.84 0.35 0.365 0.060 3.57 25 11.4 1 1 . 6
60328 E ppldn 05/24/06 -3.82 14.6 0.39 0.398 11.435 0 . 1 1 0 5.03 105 8.3 1 2 . 2
60330 Epp2a 05/24/06 20.4 10.58 0.09 0.125 2.928 0 . 1 0 0 6.07 44 9.03 13.9
60332 Epp2b 05/24/06 136.19 13.87 0 . 2 1 0.36 0.250 6.56 1 1 0 9.67 14.4
60334 Epp2c 05/24/06 7.61 12.04 0.44 0.461 0.090 6.57 79 9.73 16.6
60336 Epp2dn 05/24/06 166.96 18.62 0.19 0.378 4.033 0.160 6.42 130 10.47 14.4
60338 Epp3up 05/24/06 2823.32 16.97 0.15 2.986 2.936 0.150 6.41 246 10.98 13
60340 Epp3md 05/24/06 1577.19 15.51 0.05 1.639 3.222 0.080 7.05 206 1 0 . 6 6 13
60342 Epp3dn 05/24/06 356.34 22.82 0.27 0.645 5.041 0.170 6 . 6 136 7.02 13.1
60344 E pp4bl 05/24/06 329.39 19.9 0.15 0.495 4.931 0 . 1 0 0 6.59 134 1 1 12.5
60346 Epp4b2 05/24/06 412.68 13.5 0.14 0.569 2.692 0.330 6.17 503 10.49 11.9
60348 Epp4cl 05/24/06 61.99 61.75 0.15 0.273 1.762 0.160 6.43 303 10.16 14.7
60350 Epp4c2 05/24/06 428.86 1 2 . 6 0.16 0.598 2.843 0.340 6.19 503 10.89 11.5
60352 Epp4bc2 05/24/06 188.76 17.35 0.23 0.435 4.776 0.170 6.78 192 10.87 13.8
60354 Epp4al 05/25/06 33.43 25.99 0.050 6.52 142 8.46 18.7
60356 Epp4a2 05/25/06 128.22 118.48 0.15 0.401 3.979 0.060 6.37 152 8.07 16.2
60358 Epp4bc4 05/25/06 193.9 34.09 0 . 2 0.426 4.854 0 . 1 0 0 6.65 207 9.24 18.2
60360 Epp4dn 05/25/06 150.53 57.87 0.18 0.388 5.335 0.060 6.63 2 0 2 7.04 19.2
60362 R ay lup 05/25/06 100.55 19.47 0.08 0 . 2 2.661 0 . 1 0 0 6.48 185 8.69 16.3
60364 R ay ldn 05/25/06 14.33 9.42 0.060 6.13 154 7.23 19
60366 Ray3a 05/25/06 248.88 16.82 0.13 0.396 3.68 0.160 6.59 180 8.36 17.5
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61074 L06 7/18/2006 5.41 10.26 0 . 1 1 0 . 1 2 4.9 . .
61075 L10 7/18/2006 4.64 53.73 0.44 0.5 7.7
61249 W1 0 7/20/2006 3.62 68.31 0.89 0.97 28.58 451.17 17.96 4.34 30 1 . 2
61250 W2 0 7/20/2006 2.55 98.99 0.06 0.16 7.32 438.87 16.94 4.36 32 0.79
61251 W3 0 7/20/2006 2.73 38.27 0.83 0 . 8 8 27.34 251.05 16.09 4.6 28 1 . 2 1
61252 W 4 0 7/20/2006 3.26 45.75 0.05 0 . 1 4 172.15 16.54 5.09 29 1.32
61253 W5 0 7/20/2006 13.2 15.08 0.4 0.43 17.25 279.19 16.32 5.02 37 0.84
61254 W 6 0 7/20/2006 -3.52 21.71 0.07 0.09 4.89 252.43 17.45 4.55 31 0 . 8
61255 W 7 0 7/20/2006 1.83 128.83 0 . 0 1 0.14 4.52 292.51 15.68 5.25 39 0 . 6 6
61256 W 8 0 7/20/2006 3.44 1 2 . 1 0.71 0.73 28.97 384.25 16.58 4.32 33 1 . 0 1
61257 P2-10 1 0 7/20/2006 -2.81 24.5 0 . 1 0 . 1 2 6.29 266.81 21.94 4.7 34 1.92
61258 P2-20 2 0 7/20/2006 6.04 9.02 0.43 0.45 25.8 93.74 17.92 4.78 32 1.73
61259 P2-30 30 7/20/2006 11.17 512.77 0.39 0.92 24.81 272.73 15.52 5.09 44 1.96
61260 P2-40 40 7/20/2006 2.73 198.38 0.13 0.33 1 1 . 2 318.3 18.13 4.95 36 2.09
61261 P2-50 50 7/20/2006 5.88 75.59 0 . 6 0 . 6 8 23.54 382.32 17.73 4.87 33 1.82
61262 P2-60 60 7/20/2006 0.59 320.53 0.43 0.76 24.44 266.32 15.71 5 38 1 . 6 8
61263 P2-70 70 7/20/2006 4.69 486.25 0.39 0 . 8 8 24.47 272.89 15.34 5.24 46 1.89
61264 P3-A 60 7/20/2006 9.93 39.7 0.09 0.14 8.36 252.07 16.06 4.56 40 1.71
61265 P3-B 40 7/20/2006 6.82 26.53 0.51 0.54 30.51 39.36 16.42 4.33 34 1.95
61266 P3-C 1 0 7/20/2006 1 . 1 2 3.25 0.09 0.09 6.25 46.71 17.59 4.29 33 1.45
61267 P3-D 2 0 7/20/2006 -0.03 23.42 0.07 0.09 6.16 368.51 18.72 4.26 33 1.73
61268 P3-E 30 7/20/2006 3.86 32.45 0.06 0 . 1 6.67 438.61 16.54 4.3 34 1.77
61269 P3-NB 50 7/20/2006 8.99 12.39 0.62 0.64 50.06 15.76 4.42 38 1.83
61270 P3-70 70 7/20/2006 -0.49 44.45 0.92 0.96 38.01 349.67 15.74 4.74 42 1.87
61562 W1 0 7/26/2006 0.76 64.08 0.7 0.77 33.5 155.66 17.96 4.36 32 0.38
61563 W2 0 7/26/2006 2.55 190.06 0.93 1.13 41.37 152.03 17.62 4.41 33 0.45
61564 W3 0 7/26/2006 8.97 53.32 0.75 0.81 28.89 152.85 17.14 4.66 29 0.39
61565 W 4 0 7/26/2006 2.55 60.12 0.48 0.55 29.67 143.61 16.41 5.25 31 0.33
61566 W 5 0 7/26/2006 60.97 306.61 0.15 0.52 26.09 143.71 16.23 5.21 42 0.35
61567 W 6 0 7/26/2006 13.93 52.44 0.37 0.43 23.98 70.62 16.63 4.95 31 0.67
61568 W 7 0 7/26/2006 10.44 212.67 0.51 0.74 24.24 80.49 15.43 5.28 40 0.34
61569 W 8 0 7/26/2006 2.39 30.71 0.54 0.57 31.39 79.66 16.7 4.49 36 0 . 6
61570 P2-10 1 0 7/26/2006 -0.05 -0.45 0.81 0.81 35.92 182.24 23.3 4.77 34 1.89
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62190 W3 0 8/11/2006 -0.23 6.69 0.12 0.13 7.12 160.32 15.59 4.54 35 0.61
62191 W 4 0 8/11/2006 0.12 23.86 0.11 0.14 6.61 149.42 15.98 5 36 0.63
62192 W 5 0 8/11/2006 -2.5 33.3 0.06 0.09 5.96 156.65 15.38 5.24 67 0.29
62193 W 6 0 8/11/2006 0.64 37.17 0.06 0.1 4.79 166.73 15.81 5.04 51 0.26
62194 W 7 0 8/11/2006 4.49 124.11 0.54 0.67 26.13 147.55 15.07 4.96 48 0.39
62195 W 8 0 8/11/2006 -4.08 123.89 0.58 0.7 37.44 164.8 16.31 4.2 49 0.53
62204 P2-10 10 8/11/2006 -3.55 22.14 0.44 0.46 28.34 486.69 18.7 4.46 47 2.45
62205 P2-20 20 8/11/2006 56.07 12.37 0.41 0.48 30.63 148.18 17.05 4.32 42 2.88
62206 P2-30 30 8/11/2006 6.59 492.05 0.46 0.96 27.19 162.21 16.33 4.4 54 3.36
62207 P2-40 40 8/11/2006 0.73 170.48 0.36 0.53 19.94 409.88 17.68 4.64 49 2.53
62208 P2-50 50 8/11/2006 6.79 89.55 0.37 0.46 22.95 119.37 17.1 4.34 44 2.92
62209 P2-60 60 8/11/2006 -2.09 261.71 0.44 0.7 26.85 244.71 16.68 4.32 50 2.55
62210 P2-70 70 8/11/2006 -2.09 494.62 0.43 0.92 25.14 287.63 15.89 4.45 58 2.87
62234 dow n 8/11/2006 -4.72 3.6 0.42 0.42 16.84 18.39 5.23 0.36
Oo
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